present application and provide section headings where appropriate. A marked up version of 
the amended sections of the specification showing the amendments made herein is attached 
hereto as Exhibit A. In Exhibit A, the addition of matter is indicated by bold text in view of 
the fact that the section headings are intended to be underlined in the text of the specification. 
The amendments to the specification do not introduce new matter as defined in 35 U.S.C. § 
132. 

Claims 1-20 have been canceled without prejudice to Applicants' right to 
prosecute the subject matter of the canceled claims in related applications. New claims 53-59 
have been added to more particularly point out and distinctly claim that which Applicant 
regards as the invention. The new claims are fully supported by the instant specification (see, 
e.g., page 1, lines 10-17, page 4, line 31 to page 5, line 7, page 7, lines 1-46, page 8, lines 38- 
42, and the examples presented at pages 1 1-24), and do not represent new subject matter. 
After entry of the amendments made herein, claims 53-59 will be pending in the instant 
application. A copy of the pending claims is attached hereto as Exibit B. 

Claims 53-59 are drawn to methods of treating an asthmatic disorder, 
comprising administering an 8F4 1 inhibitory molecule, such as a monoclonal antibody that 
recognizes the human 8F4 polypeptide or an 8F4 polypeptide, to an individual in need of such 
treatment. Applicant submits herewith a Declaration of Richard Kroczek Under 37 C.F.R. § 
1.132 ("Kroczek Declaration"; Exhibit C), presenting data that corroborates the teachings of 
the instant application relating to the presently claimed invention. 

The Kroczek Declaration describes, first, a study conducted by Gonzalo et al. 
(2001, "ICOS is critical for T helper cell-mediated lung mucosal inflammatory responses," 
Nat. Immunol. 2(7): 5 97-604) demonstrating that administration of ICOS-inhibitory 
compounds, including an antibody that recognizes ICOS and a soluble ICOS polypeptide, 
results in abrogation of symptoms of asthma in an art-accepted mouse model of the disease 
(see ^11 6 to 1 1 of the Kroczek Declaration). In addition to the data generated in an art- 
accepted model, the Kroczek Declaration, in paragraphs 12 to 14, further describes 



1 It is noted that since the original filing date of the instant specification, the 8F4 
polypeptide has come to be referred to in the literature as "ICOS" (Inducible T cell CO- 
Stimulator). As such, throughout this Amendment, Applicant will generally refer to 8F4 as 
"ICOS." 
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experiments demonstrating that in humans ICOS-expressing cells are associated with lung 
inflammation resulting in asthma. The Kroczek Declaration, therefore, presents mouse and 
human data corroborating the teachings of the present application that successful in vivo 
amelioration of asthma symptoms can be achieved by administration of antibodies that 
recognize the human ICOS gene product or the ICOS gene product itself. 

Entry of the amendments and remarks made herein is respectfully requested. 



Respectfully submitted, 



October 4, 2001 AuuUU d ♦ (jBTUA/^p 30,742 

Laura A. Coruzzi (Reg. No.) 

Muna Abu-Shaar 

Limited Recognition Under 37 C.F.R. § 10.9(b) 
Copy of Certificate Enclosed 



PENNIE & EDMONDS llp 

1 155 Avenue of the Americas 
New York, New York 10036-271 1 
(212) 790-9090 



Enclosures 



Exhibit A 

Marked up Version of Amended Paragraphs in Specification 



Marked up version of amended title: 

[Costimulating polypeptide of T cells, monoclonal antibodies, and the 
preparation and use thereof] Methods For Treatment of Asthmatic Disorders 

New paragraph and subsequent paragraph heading added after title: 

Cross Reference To Related Applications 
This application claims priority to U.S. Patent Application No. 
09/509,283, filed August 11, 2000, PCT Application PCT/DE98/02896, filed September 
23, 1998, and German Applications DE 19821060.4, filed May 11, 1998, and DE 
19741929.1, filed September 23, 1997, each of which is incorporated herein by reference 
in its entirety. 

Background of the Invention 



New paragraph heading added after line 36 on page 3: 

Summary of the Invention 



Marked up copy of replacement paragraph heading on page 8, lines 8-9: 
[The figures serve to illustrate the invention] 

Brief Description of the Drawings 
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Exhibit B 

Claims as Pending Following Entry of Amendments Made Herein 

53. (New) A method for treating an asthmatic disorder, comprising: administering 
to an individual in need of treatment an 8F4 inhibitory molecule selected from the group 
consisting of an 8F4 polypeptide and a monoclonal antibody that recognizes a human 8F4 
polypeptide, wherein said 8F4 polypeptide: 

a) is an inducible T cell costimulatory molecule; 

b) occurs on two-signal-activated human T lymphocytes; 

c) exhibits a molecular weight of about 55 to 60 kilodaltons as determined by 
non-reducing sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE); and 

d) is a dimer of two peptide chains exhibiting molecular weights of about 27 
kilodaltons and 29 kilodaltons, as measured by reducing SDS-PAGE, 

in an amount sufficient to ameliorate a symptom of the asthmatic disorder, such that the 
asthmatic disorder is treated. 

54. (New) The method of claim 53, wherein the 8F4 inhibitory molecule is a 
monoclonal antibody that recognizes a human 8F4 polypeptide. 

55. (New) The method of Claim 54, wherein the monoclonal antibody recognizes 
the human 8F4 polypeptide of about 55 kilodaltons to 60 kilodaltons, as determined by non- 
reducing SDS-PAGE. 

56. (New) The method of Claim 54, wherein the monoclonal antibody recognizes 
the peptide chain of about 27 kilodaltons, as determined by reducing SDS-PAGE. 

57. (New) The method of Claim 54, wherein the monoclonal antibody recognizes 
the peptide chain of about 29 kilodaltons, as determined by reducing SDS-PAGE. 
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58. (New) The method of Claim 54, wherein the monoclonal antibody recognizes 
a human 8F4 polypeptide present on activated human CD4 + T lymphocytes and activated 
human CD8 + T lymphocytes. 

59. (New) The method of claim 53, wherein the 8F4 inhibitory molecule is an 
8F4 polypeptide. 
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Express Mail No.: EL 501 639 779 IK 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
Application of: Rroczek 

Application No.: To be assigned Group Art Unit: To be assigned 

Filed: Herewith Examiner: To be assigned 

For Mbthods for Treatment of Attorney Docket No.: 7853-240 

Asthmatic Disorders (as amended) 

DECLARATION OF RICHARD K ROCZEK UNDER 37 C.F.R. § 1 132 

Assistant Commissioner for Patents 
Washington, D.C. 20231 

Sir 

I, RICHARD KROCZEK do declare and state: 

1 . I am the inventor of the invention described and claimed in the above-identified 
patent application. 

2. I presently hold the position of Professor of Molecular Immunology at the Robert 
Koch Institute, Berlin, Germany, the assignee of the above-identified patent application. My 
curriculum vitae is attached hereto as Exhibit 1. 

3. I have read and am familiar with the instant application. 

4. The invention claimed in the present application is directed to methods of 
treating asthmatic disorders comprising administering monoclonal antibodies directed against a 
human polypeptide, referred to in the present application as the "8F4 polypeptide." Since the 
original filing date of the specification of PCT Application PCT/DE98/02896, to which the 
present application claims priority, the 8F4 polypeptide has come to be referred to in the 
literature as "ICOS" (Inducible I cell Cftfitimulator). A polypeptide corresponding to an 8F4 
polypeptide has also been referred to in the literature as **H4." 



5. Described in paragraphs 6 to 1 1 below is a study by Gonzalo et al (2001, "ICOS 
is critical for T helper cell-mediated lung mucosal inflammatory responses,' 1 Nat Immunol. 
2(7):597-604, attached hereto as Exhibit 2X"Gonzalo"), of which I am a co-author, that 
demonstrates that administration of ICOS-inhibitory compounds, such an antibody that 
recognizes ICOS and an ICOS polypeptide, in an accepted experimental model of human asthma, " 
result in abrogation of symptoms of the disease. Further described in paragraphs 12 to 14 below 
are experiments done by me or by others under my supervision that demonstrate mat ICOS- 
expressing cells arc associated with lung inflammation resulting in asthma in humans. These 
experiments corroborate the teaching provided in the present application by indicating that 
successful in vivo amelioration of asthma symptoms can be achieved by administration of 
antibodies that recognize the human ICOS polypeptide or the ICOS polypeptide itself. 

INHIBITION OF ASTHMA SYMPTOMS BY ICOS- 

INHIBITORY MOLECULES I N A MOUSE MODEL OF ASTHMA, 

6. The study reported by Gonzalo provides evidence of the critical role of ICOS in 
the pathology of asthma. The experiments described by Gonzalo utilize an art-recognized mouse 
model for asthma, DOl 1.10 (Wills-Karp, 2000, Immunopharmacology 48:263-268, attached 
hereto as Exhibit 3). DOl 1.10 transgenic mice express a T cell Teceptor specific for the OVA 
antigen (amino acid residues 323-339 of chicken ovalbumin). Briefly, upon exposure to 
particular antigens, DOl 1 . 10 mice exhibit symptoms (eg., lung mucosal inflammation) mat are 
characteristic of asthma in humans. The severity of the symptoms in such treated mice was 
notably reduced by administration of ICOS inhibitory molecules to the mice. 

7. More specifically, exposure of DO11.10 mice to the OVA antigen results in the 
production of a variety of mflaraniation-prornoting cytokines in the bronchioalveolar fluid (BAL) 
of the mice. In contrast, as described in the Section at page 600 entitled "ICOS- and CD28- 
mcdiated cytokine regulation" and the accompanying Figure 7, administration of a monoclonal 
antibody that recognizes ICOS, 12A8, prior to exposure of the mice to the OVA antigen reduces 
the levels of inflammatory cytokines in the BAL of the mice relative to untreated DOl 1 .10 mice. 
Similarly, administration of a soluble form of ICOS polypeptide, ICOS-Ig, prior to exposure of 
the mice to the OVA antigen reduces the levels of inflammatory cytokines m the BAL of the 
mice relative to untreated DOl 1.10 mice. Thus, adtninistration of a monoclonal antibody that 
recognizes ICOS or an ICOS polypeptide reduces a hallmark of asthma. 
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8. Another hallmark of asthma in humans is accumulation of lymphocytes and 
eosinophils in the BAL upon exposure to antigenic stimulus. After persistent exposure to OVA, 
DO11.10 mice exhibit such accumulation. As described in the Section on page 599 entitled 
"Regulation of mucosal inflammation by ICOS" and Figure 5, the administration of 12A8 
antibody DO 1 1.10 mice before each exposure to OVA reduces lymphocyte and eosinophil 
accumulation by 50 and 70%, respectively. The authors of Gonzalo further note, also as shown 
in Figure 5, that comparable suppression of lymphocyte and eosinophil accumulation observed 
upon administering ICOS-Ig. Again, this represents a reduction in a hallmark of asthma. 

9. In summary, the experimental results presented in Gonzalo demonstrate that 
administration of ICOS inhibitory compounds, such as anti-ICOS antibodies or ICOS proteins, 
can ameliorate symptoms of asthma. 

ICOS IN HUMAN ASTHMA 

10. The results presented hereinbelow demonstrate that ICOS is, indeed, involved in 
human lung inflammation such as that seen in asthma. This human data further evidences that 
administration of ICOS inhibitory compounds to humans will mirror the effects of administering 
such compounds to the art accepted model of human asthma, and accordingly, mat ICOS 
inhibitory compounds will be useful in treating human asthmatic disorders. 

1 1 . Airway hyperresponsi veness and pulmonary inflammation are the two central 
hallmarks of human allergic asthma. The inflammatory process is initiated and maintained by T 
cells. The crucial role of certain co-stimulatory pathways in allergic asthma has been 
demonstrated in mice and several studies in the human (Exhibits 4-5). 

12. To assess the participation of the ICOS molecule in the pathogenesis of human 
asthma, individuals with mild asthma were exposed to allergen. The expression of ICOS on T 
cells present in the bronchoalveolar lavage (BAL) fluid collected 42 hours after segmental 
allergen provocation was analyzed by flow cytometry, as described in Exhibit 6. These data, 
described in Exhibit 7, were correlated with hnmunohistological studies on ICOS expression in 
bronchial biopsies taken at the time the performed BAL was performed. 

13. The data clearly demonstrate mat a very substantial proportion of the infiltrating 
T cells found in the submucosa and in the epithelium bear significant levels of ICOS. These 
ICOS-positive T cells transmigrate into the bronchial space on allergen exposure. 
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14. The finding that ICOS is involved in human lung inflammation validates the 
results obtained by Gonzalo demonstrating the inhibition of hallmarks of asthma by ICOS 
inhibitory molecules in a mouse model of asthma, and signifies that ICOS inhibitory compounds 
will have similar effects on human asthma. Thus, taken together, the human data presented 
herein and lie mouse model data shown by Gonzalo strongly indicate that a) ICOS participates 
in the pathogenesis of allergic asthma in humans; and b) amelioration of asthma symptoms in 
humans can be achieved by administration of antibodies that recognize the ICOS polypeptide or 
by administration of ICOS polypeptides. 



IS. I declare further that all statements made in mis Declaration of my own 
knowledge are true and that all statements made on information and belief are believed to be true 
and further mat these statements are made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment or both, under Section 1001 ofTitle 18 
of the United States Code and that such willful false statements may jeopardize the validity of 
the application or any patent issuing thereon. 



Dated: 



Richard Kroczek 



Attachments: 
Exhibit 1: 
Exhibit 2: 

Exhibit 3: 
Exhibit* 



Exhibit 6: 
Exhibit 7: 



Curriculum Vitae of Richard Kroczek 



Gonzalo et al., 2001, "ICOS is critical for T helper cell-mediated lung mucosal 
tory responses," Nat Immunol. 2f7):597-604. 



Wills-Karp, 2000, Immunopharmacology 48:263-268. 

Keane-Myers et al, 1998, "Development of murine allergic asthma is dependent 
upon B7-2 costimulau'on," J. Immunol. 160:1036-1043. 

Mathur et al, 1999, "CD28 interaction with either CD80 or CD86 are sufficient 
to induce allergic airway inflammation in mice," Am. J. Respir. Cell. Mol. BioL 
21:498-509. 

Materials and Methods for Human Asthma Analysis 
Results for Human Asthma Analysis 
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Phone : 
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Professor, Molecular Immunology 
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Nationality: German 
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cell-mediated lung mucosal 
inflammatory responses 
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We examined the requirement for and cooperation between CD28 and inducible costimulator 
(ICOS) in effective T helper (T H ) cell responses in vivo. We found that both CD28 and ICOS were 
critical in determining the outcome of an immune response; cytolytic T lymphocyte-associated 
antigen 4-immunoglobulin (CTLA-4-lg), ICOS-lg and/or a neutralizing ICOS monoclonal antibody 
attenuated T cell expansion, T H 2 cytokine production and eosinophilic inflammation. CD28- 
dependent signaling was essential during priming, whereas IC0S-B7RP-1 regulated Th effector 
responses, and the up-regulation of chemokine receptors that determine T cell migration. Our data 
suggests a scenario whereby both molecules regulate the outcome of the immune response but play 
separate key roles: CD28 primes T cells and ICOS regulates effector responses. 



Optimal T cell expansion is regulated by signals delivered through the 
T cell receptor (TCR) and a number of costimulatory molecules 11 . 
CD28 ligation on antigen-inexperienced precursor T helper (ThP) cells 
by its counter-receptors B7-1 and B7-2, which are expressed on den- 
dritic cells, play a crucial role in initial T cell priming, interleukin 2 
(IL-2) production and cycle cell progression". Recently primed T M P 
cells migrate to the T cell zone of the B cell follicle where they 
encounter antigen- specific B cells that have also migrated to this area 4 . 
T cells deliver, primarily through CD40, a signal for B cell expansion. 
Primed T cells in turn receive additional signals from B cells that reg- 
ulate T H function. CD28-mediated T cell expansion is opposed by 
cytolytic T lymphocyte-associated antigen 4 (CTLA-4)'. which also 
binds both B7-1 and B7-2; its function is to attenuate the Tcell expan- 
sion and cytokine production of recently activated T cells. The impor- 
tance of CTLA-4-mediated suppression is illustrated in gene-deficient 
mice, which exhibit autoimmune disease characterized by marked T 
cell expansion and death within 3-4 weeks'. 

The inducible costimulatory molecule OCOS)" is the third member of 
the CD28 superfamily and, like CTLA-4, is expressed on antigen-primed 
T cells" 0 . ICOS binds its own B7 family member, B7RP-I " or B7h", on 
B cells and macrophages". ICOS can induce CD28-independent T cell 
expansion and selective cytokine production" 1 . Similarly, signaling 
though CD28 provides a signal for T H 2 cytokine production in vitro". It 
has been proposed that T„2 responses are more dependent on CD28- 
mediated cosdmulation than T H 1 responses, although this remains some- 
what controversial'. Data from ICOS-deficient mice have shown that this 
molecule plays a critical role in T-B cell interactions, is essential for ger- 
minal center formation and humoral immune responses and delivers a 
key signal for IL-4, but not interferon-v (IFN-Y). production" •». However, 
the contribution of these different costimulatory effects in regulating T 
cell function during inflammatory processes remains unknown. 



Effective immune responses require not only the appropriate costim- 
ulatory signals necessary for optimal cytokine production but also the 
coordinated migration of T cells into the lymph nodes and target tissues, 
a process that is critically regulated by chemokines and their receptors" 
. Th effector cells can be divided not only on the basis of their ability to 
produce different cytokines but also on the differential expression of 
chemokine receptors. T„l cells express the chemokine receptors 
CXCR3 and CCR5. whereas T„2 cells express CCR3. CCR4 and 
CCR8 ,,J0 . This differential chemokine receptor expression may play an 
important role in determining whether T H I or T H 2 cells accumulate at 
sites of delaycd-typc hypersensitivity or allergic inflammation. The rela- 
tionship, however, between costimulatory signals and chemokine recep- 
tor-mediated T cell migration remains largely unexplored. 

We have investigated the role of ICOS and CD28 in regulating T„2- 
mediatcd mucosal inflammatory responses. Our data shows that CD28 
is critical during priming but docs not contribute to recall responses 
once effector Th2 cells have been generated. In contrast, ICOS plays the 
predominant role in regulating T H 2 effector cell activation. ICOS-mcdi- 
ated signaling contributes to the inflammatory response not only 
through the regulation of IL-4 but by providing a signal for up-regula- 
tion of the chemokine receptors CCR3, CCR4 and CCR8. The findings 
reported here indicate that strategies aimed at inhibition of ICOS may 
represent a therapeutic target during allergic inflammatory responses 
and other disorders charactcri7.ed by inappropriate T cell activation. 

Results 

Generation of neutralizing mAbs to ICOS 

Monoclonal antibodies (mAbs) to ICOS. 12A8 and 1CI0, were used to 
stain ICOS-transfected Jurkat cells (ICOS* cells), which were assessed 
by flow cytometry; they did not stain untransfected Jurkat cells (Fig. 
la). Activated, but not resting, CD4* T cells were also stained by 12A8 
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Figure 1. Characterization ol th. mAb> to ICOS. (a) Two mAbs. 12A8 (red) 
end 1C10 (green) wire identified because they bind to Jurket cells transected with 
ICOS (ICOS- cells) but not ncntransfected cells (black), (b) ICOS mAbs (red) bind 
to activated CD4* T ceUs but not resting CD4' T cells. ThI and T„2 cells stained with 
mAb 12A8 showed thitT.2 cells eaprett Mjher amounts of ICOS thanT„1 cells, (c) 
(Left) ICOS-transfected furkal cells were stained with B7RP-1-lg (red). Staining was 
blocked with the addition ol 12A8 (green). (Right) The approximate IC« was 0.2 
ug/ml for 12A8 (open squares). Despite binding to ICOS, at 10 ug/ml mAb 1 CIO did 
not Inhibit B7RP-1-!g binding (tilled squares). 




^ (Fig. la). When cells were cultured in the presence of IL-4, ICOS 
a expression was enhanced, whereas repetitive antigenic stimulation in 
□ the presence of IL- 1 2 resulted in a down-regulation of ICOS expression 
2 (Fig. lb). The ability of these mAbs to prevent binding of the ICOS tig- 
r- and B7RP-1 was also assessed. We found that 12A8 inhibited B7RP1- 
8 immunoglobulin (Ig) binding with an IC» of -0.2 ug/ml (Fig. lc). In 
contrast, IC10, which stained ICOS-expressing cells, was unable to 
block B7RPl-Ig binding (Fig. lc). Neither 12A8 nor 1C10 bound to 
tea; C028 rransfectants or inhibited B7-I-Ig binding to activated T cells 
"™ (data not shown). Thus, 12A8 recognized an epitope on ICOS that was 
common to that used for ligand binding. In contrast, although 1C10 
recognized ICOS, it bound to a site that was distinct from B7RP-I. 



vitro or immunization with keyhole limpet hemocyanine (KLH) tx vivo 
+ in vivo treatment with mAbs to ICOS. Wc found that mAb 12A8 
inhibited IL-4, IL- 10 production and, to a lesser extent, IL-5 production 
by CD4' T cells (Fig. 2a). In contrast, the production of the T M l-lype 
IFN-Y was increased after treatment with 12A8 (Fig. 2a). In vivo treat- 
ment wilh neutralizing I2A8 also inhibited IL-4 and IL-10 production 
(Fig. 2b). The mAb 1C10. which was unable to block B7RP-l-Ig bind- 
ing, did not alter cytokine release in response to OVA or KLH. these 
results were not different those obtained with the use of control rat Ig. 
These data indicate that signaling through ICOS delivers a signal for 
immune deviation that facilitates T H 2 cytokine expression and reduces 
T„l cytokine production. 



Cytokine production after ICOS neutralization 

We next assessed the role of ICOS in T„ cell function. We determined CD28, CTLA-4 and [COS mRNA expression 
cytokine production by TCR-transgenic T cells after stimulation wi 
the ovalbumin peptide OVA(3 23-339), referred to hereafter as OVA, 



Expression of CD28-B7 family members in lungs 

measured by Taqman 

analysis in lung tissue isolated at different time-points during lung 
allergic inflammation. The inflammatory response to OVA consisted of 
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Flgura J. ICOS Mpnaolon during allarglc lung InlUmmaUon. Lungi (rem mice 
subjected to OVA treatment. 3 ti after antigen challenge, on days 0. a, 1 S or 21 were ana- 
lyzed. Ei» square represents mom mRNA expression of CD28 and B7 family members 
from five mice tt the time-pointi indicated. 



an accumulation of macrophages in the lung (interstitium and airway 
lumen) thai was maximal in the early stages (3 h after OVA challenge 
on day 15); the accumulation of eosinophils and lymphocytes reached 
a plateau in the late stages of the response (3 h after OVA challenge on 
day 21). CD28, CTLA-4 and ICOS were expressed in low amounts in 
the lungs on day 0 and day 8 (Fig. 3), However CD28. CTLA-4 and 
ICOS expression were up-regulated by day 15 of OVA treatment and 
expression was still maintained by day 21. B7RP-I was also expressed 
in the lungs and was maximal by day 21. Similarly, B7-1 and B7-2 
mRNA expression was up-regulated by four- and eightfold, respective- 
ly, during the course of the inflammatory response (Fig. 3). 

To determine the location of ICOS protein expression, lung sections 
were stained with mAbs to ICOS. No ICOS expression was detected in 
the lung of PBS-treated mice, but increased expression was observed in 
the infiltrating parenchymal T cells of OVA-rreated animals (Fig. 4a,b). 
In addition, lymph nodes from mice immunized with KLH were stained 
with the mAb 12A8 (Fig. 4c-e). The sections showed thai ICOS* cells 
were present within the B cell follicle after immunization (Fig. 4c). The 
relationship between ICOS' cells and germinal center formation was 
also determined. By day 4 after immunization with KLH, ICOS* cells 
could be detected in close proximity to B cells with the early formation 
of peanut agglutinin-positive (PNA*) germinal centers (Fig. 4d). By 
day 7, distinct PNA* cells surrounded by ICOS* cells could be seen in 
the lymph nodes (Fig. 4e). 

Regulation of mucosal inflammation by ICOS 

Leukocyte cell numbers in the lungs of OVA-treated mice were deter- 
mined 3 h after OVA challenge on day 21. After treatment with mAb 
12A8, lymphocyte and eosinophil numbers in the broncholaveolar lavage 
(BAL) fluid of OVA-rreated mice were reduced by 50% and 70%, respec- 
tively (Fig. 5a,b). Comparable suppression was observed with ICOS-lg. 
CTLA-4-Ig induced an almost complete reduction in BAL lymphocyte 
and eosinophil accumulation. As a control, mAb ICIO was used. The 
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results obtained with IC10 did not differ from those obtained with exper- 
iments with rat lg-treated animals or with human Ig, which was used as a 
control for CTLA-4-Ig and ICOS-lg. For clarity, only data obtained with 
IC10 are shown. These observations were supported by the examination 
of lung sections, which were assigned a score based on the extent and size 
of peribronchiolar infiltrates. Animals treated with OVA -t- the control 
mAb IC10 had a mean score of 4.7±0.4; administration of 12A8 during 
OVA treatment decreased the mean score to 2.8±1.1. 

To determine whether OVA-induced inflammatory cell accumulation 
in the lung was prevented rather than delayed by administration of mAb 
I2A8. the BAL fluid of OVA-treated mice was collected at different 
time-point on day 21 and eosinophil numbers evaluated. After treat- 
ment with mAb I2A8, eosinophil accumulation was reduced at all 
time-points investigated (Fig. 5c). Similarly, ICOS blockade with 12A8 
or ICOS-lg or CD28 blockade with CTLA-4-Ig abrogated antigen- 
induced airway hyperresponsiveness (AHR) (Fig. Sd). 

Regulation of priming and effector responses 

Thus far, our data show that CD28 and ICOS both contribute to T 
cell-mediated inflammatory responses. Wc next dissected the contribu- 
tion of ICOS and CD28 during either priming or effector responses. 
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Anti-ICOS (mAb 12A8). ICOS-lg or CTLA-4-lg were administered 
either during priming (on day 0 and 8) or during the efferent response 
(on day 21 alone). OVA-induced lymphocyte and eosinophil accumula- 
tion in the airways (as assessed by analysis of the BAL fluid) were not 
affected when 12A8 or ICOS-lg was administered on days 0 and 8. 
However, when 12AR or ICOS-lg were administered on day 21 , a 50% 
reduction in the total number of lymphocytes and eosinophils in the 
lung was observed (Fig. 6). This indicated that signals delivered by 
ICOS were important for the activation or recruitment of effector T 
cells. Changes in the composition of the BAL fluid were associated 
with corresponding changes in the lung interstitum, as assessed by his- 
tology (data not shown). Similarly, CTLA-4-Ig inhibited AHR when 
administered during priming, whereas ICOS mAb 12A8 or ICOS-lg 
inhibited AHR when administered on day 21, when CD28 blockade 
was not effective (Fig. 6) 

ICOS- and CD28-mediatecl cytokine regulation 

To determine whether the differential regulation of mucosal inflamma- 
tion by ICOS and CD28 could be explained by differentially regulating 
T cell activation, we measured cytokine production in the BAL fluid 
after challenge. Treatments, from day 0-21, with both CTLA-4-Ig and 
mAbs to ICOS suppressed production of IL-4, IL-5. IL-10 and IL-13. 



In contrast, IL-12 production was not inhibited by I 
CTLA-4-lg, ICOS-lg or mAbs to ICOS. In response to OVA, no IFN- 
y production was detected in the BAL fluid, which indicated that 
aerochallenge had induced a T„2 effector response. In addition, treat- 
ment with anti-lCOS therapies, which attenuate T H 2 responses, did not 
result in immune deviation, that is, IFN-Y concentrations were not aug- 
mented as a consequence of ICOS blockade (Fig. 7). 

Animals were treated with CTLA-4-Ig, ICOS-lg or mAbs to ICOS 
either during priming or before the final aeroallergen challenge only, 
when T„2 effector cells had been generated. When adminislered on 
days 0 and 8. CTLA-4-Ig reduced T„2 cytokine production; when 
administered on day 21, it did not regulate IL-4, IL-10 or IL-13 pro- 
duction, although a 50% reduction in IL-5 was observed. In contrast, 
ICOS blockade on day 21 effectively reduced the production of IL-4, 
IL-5, IL-10 and IL-13. We also found that ICOS blockade during prim- 
ing had no effect on IL-4, IL-5 or IL-13 production, although, when 
administered on days 0 and 8, effective suppression of IL- 10 produc- 
tion was observed (Fig. 7). 

ICOS-dependont chemokine receptor expression 

The contribution of ICOS in the effector phase of the lung mucosal 
inflammatory response may be, at least in part, explained by a failure to 
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^ Figure 7. OVA-lndueod cytokine production In the BAL fluid after ICOS 

•J neutralization during allergic airway dlieasa. Neutralizing mAb 12A8 (30 

Z u^mouie) and CTLA-4-tg (100 ua/moine) were admini.lered ra the lp. route 

r- before OVA challenge on days 0.8 and 15-21 or day! 0 and 8 or day 21 alone. Data 

S ire me«n±».e.m. cytoWne concentrations. Data from mice treated with PBS ire 
ihown in the open columns data from control-treated animal, are jhown the filled 

© column.. Data from ICOS-lg- or CTLA-4-lg-treated animal, are shown in the shad- 



up-regulate chemokine receptors in the draining lymph nodes. We pre- 
pared RNA from the lymph nodes of control Ig-treated or ICOS 
mAtHreated animals on day 21 before, and 1 h after, allergen challenge. 
Before allergen chal lenge on day 21 , LNs contained germinal centers and 
elevated concentrations of antigen-specific IgE were present in the sera. 
Thus, the animals had mounted an effective response after immunization 
and aeroallergen challenge. By RT-PCR we determined that, after aller- 
gen challenge, CCR3. CCR4 and CCR8 mRNA was increased eight- to 
tenfold (Fig. 8). Treatment of animals with mAb 12A8 to ICOS prevent- 
ed the up-regulalion of these chemokine receptors. ICOS mAb treatment 



also inhibited up-regulation of IL-4 and IL-10 mRNA and increased 
expression of IFN-y mRNA in the draining lymph nodes (Fig. 8). 

Inhibition of costimulation and regulation of IgE 

ICOS* cells can colocalize with B celts in the germinal centers of 
immunized mice, and ICOS plays a critical role in IL-4 production. 
Therefore we assessed next the impact of ICOS neutralization on the 
production of IgE. We found that, when administered on days 0-21, 
treatment with ICOS mAbs and CTLA-A^Ig abrogated IgE production. 
A similar reduction in IgE was observed when ICOS and CD28 were 
inhibited on days 0-8. although ICOS blockade was not as effective as 
CD28 blockade (Fig. 9). 

Discussion 

The interactions between CD28 and its ligands B7-1 and B7-2 are 
required for 1L-2 production and T cell clonal expansion". In vivo stud- 
ies with animals deficient in CD28 or B7 genes or with the administra- 
tion of the B7 antagonist CTLA-4-lg have shown the essentia! role 
played by CD28 in regulating a number of immune responsi 
However, although CD28-dependent mechanisms are implicated in pri- 
mary T cell responses, secondary immune responses cannot be fully 
suppressed by administration of CTLA-4-Ig" '«. This suggests the exis 
tence of alternative or complimentary pathways for effective T cell acti 
vation. One possible candidate is ICOS. Through interactions with its 
ligand B7RP-1, ICOS provides a CD28-independertt signal for IFN-7 
and IL-4 production, but not IL-2 secretion, in vitro*-". 

We have shown that in vitro ICOS blockade with a neutralizing mAb 
reduced expression of IL-4 and IL-10 and augmented secretion of IFN- 
y. These data support published data obtained with ICOS-lg in vitro, 
which show that ICOS can deliver a signal for immune deviation to T„2 
cytokine production that augments IFN-y and reduces IL-4 produc- 
tion 1 '. Although ICOS regulates T„2 cytokine production, it is also pref- 
erentially expressed on T H 2 versus T„l cells, which supports the iden- 
tification of the gene encoding murine ICOS as a T„2-overexpressed 
gene 10 . However, although in vitro ICOS blockade facilitated immune 
deviation, production of IFN-Y ex vivo was not increased, despite 
reduced IL-4 and IL-10 secretion. This may be related to the use of 
complete Freund's adjuvant (CFA) as an adjuvant: because the contri- 
bution of ICOS to immune responses has been shown to be influenced 
by the adjuvant used". 

Like ICOS, CD28 can promote T„2 differentiation in vitro". CTLA- 
4-Ig treatment in vivo can inhibit IL-4 production, but not IFN-y secre- 
tion, during cutaneous leishmaniasis 50 and suppresses IL-4-dependcnt 
IgGl production in a transgenic model of autoantibody production". 
Similar conclusions were drawn using nonobese diabetic CTLA-4-lg 
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transgenic mice, which developed enhanced autoimmune diabetes that 
was associated with enhanced IFN-^f secretion, reduced IgGI produc- 
tion and diminished T H 2 cytokine secretion". These gave rise to the 
general concept that T M 2 responses are more dependent on costimula- 
tion than T H 1 responses. Thus, in some respects, CD28 and ICOS have 
overlapping functions that regulate the outcome of immune responses. 
However, CD28- and ICOS-mediated signaling differ in some impor- 
tant respects. 

Although CD28 and ICOS both inhibit T cell expansion, CD28- 
mcdiatcd signaling is uniquely required for IL-2 production, whereas 
ICOS delivers a signal for secretion of tumor necrosis factor-a and IL- 
10 after superantigen administration-' 1 . In addition, during experimental 
allergic encephalomyelitis (EAE), ICOS-deficient mice exhibit 
markedly exacerbated responses", whereas CD28- or B7-deficient ani- 
mals have attenuated disease". The underlying mechanism(s) by which 
these molecules have opposing phenotypes in EAE is unclear, although 
one possible explanation is consistent with the ability of ICOS to facil- 
itate T„2 differentiation associated with reduced IFN-y production. 
However, we have observed that, like the data obtained with ICOS-defi- 
cient mice, early therapeutic intervention increases clinical disease, 
which is associated with increased IFN-7. Delayed treatment with 
mAbs to ICOS markedly impairs the onset of clinical symptoms during 
EAE, which is associated with reduced IFN-y production". Thus, the 
antigen experience of the T cell appears to be a critical factor in deter- 
mining the outcome of ICOS blockade. Although ICOS engagement 
enhanced T„2 and reduced T H I responses during differentiation, ICOS 
can regulate the produclion of both IL-4 and IFN-y by recently activat- 
ed T H effector cells' 0 . In addition, the nature of the immune response 
may also influence the role of ICOS. This is illustrated in another T H 1- 
mediated model where inhibition of ICOS, either with a blocking mAb 
or with the use of ICOS-deficient mice, prolongs rejection of cardiac 
allografts and is associated with reduced IFN-7 and IL-10 production". 

To further address whether CD28 and ICOS have distinct or compli- 
mentary roles in regulating T H 2 responses, we next used a model of 
allergic lung inflammation driven by inhaled allergens**. The develop- 
ment of a lung eosinophilic inflammatory response is dependent on T 
cell-derived cytokines, including IL-4. IL-5 and IL-13". CTLA-4-Ig, as 
well as ICOS blockade, inhibited T cell expansion and/or recruitment 
and reduced the recruitment of eosinophils to the lungs. These data sup- 
port work by several investigators, who used either B7- or CD28-defi- 
cient animals or administered CTLA^Ig"^-", and show that ICOS 
signaling is also critical in this process. 



Although antigen-inexperienced CD4* T cells require B7-mediated 
signaling for IL-2 production, clonal expansion and the acquisition of 
effector function, optimal activation of recently activated T„ cells is B7- 
independent". In addition, reactivation of memory cells occurs inde- 
pendently of both B7-I and B7-2 ". Our data show marked differences 
in the requirement for ICOS versus CD28 engagement. Blockade of 
CD28 interfered with priming, but ICOS contributed to effector 
responses. Whether there are also distinct subpopulations of cells that 
secrete different patterns of cytokines' that use either ICOS and/or 
CD28 remains to be determined. 

The reduced cytokine concentrations obtained from the BAL fluid 
during the effector response may have been due to the failure of the 
cytokine-producing cells to migrate from the secondary lymph nodes to 
the lungs, a process regulated by chemokines and their receptors". Our 
data on chemokine receptor expression raises the possibility that cos- 
timulatory signals regulate receptors that control the migration of effec- 
tor T H P cells to sites of allergic mucosal inflammation. The relationship 
between ICOS-mediated costimulation and the induction of chemokine 
receptors such as CXCR5 and CCR7, which distinguish between fol- 
licular T K cells' 2 ^* and central or effector memory cells", remains to be 
determined. 

ICOS-deficient mice are unable to generate germinal centers after 
protein immunization because of their impaired ability to up-regulate 
CD40 ligand". ICOS* CD4" T cells were present within the B cell fol- 
licles of immunized and challenged, but not PBS-exposed, mice. This 
raises the possibility that ICOS* T cells receive signals through B7RP- 
1-exprcssing B cells and acquire the capacity to produce IL-4. In turn 
this would regulate the B cell class switch to lgE. In this context, ICOS 
blockade reduced lgE expression, although ICOS makes a smaller 
contribution to this process than CD28 does. Our data support pub- 
lished data obtained with ICOS-deficient mice that have a reduced 
ability to produce IgGI, IgE and also IgG2a after immunization with 
T-dependent B cell antigens'*-" but produce normal antibody titers 
after immunization with T-indepcndent antigens". However, although 
ICOS plays a critical role in Ig production after immunization with 
soluble antigen alone or antigen in alum or incomplete Freund's adju- 
vant, the immune response to antigen in CFA is ICOS-independent'". 
Similarly, after infection with the nematode Nipposlrungylus 
braziliensis, ICOS fails to regulate Ig secretion". The precise basis for 
these differences is undetermined, but clearly the nature and/or 
strength of the immune stimuli greatly influence the dependence on 
ICOS-mediated costimulation. 

We propose, therefore, the following model for the regulation and 
coordination of T cell-dependent inflammatory responses by CD28 
and ICOS. T cells first become primed by a CD28-B7-dependent 
mechanism. Ligation of CD28 also up-regulates the chemokine recep- 
tor CXCR5", which allows these primed T H P cells to migrate to the 
edge of the B cell rich follicle. Here they encounter antigen-bearing B 
cells that have also now accumulated in this area. These B cells then 
present peptides 10 primed antigen-specific T cells and, through B7RP- 
1, deliver a different signal that specifically facilitates T„2 cytokine 
production. In rum, this up-regulatcs CD40 ligand, which delivers cog- 
nate signals to favor B cell expansion. B7RP-1-ICOS signaling could 
provide the proposed "step two of signal two"". It would occur upon 
encounter with antigen-specific B cells that had endocytosed the same 
antigen for which the primed T„P cells are antigen-restricted, thus 
ensuring the specificity of the immune response. 

In addition to regulating this step of the immune response. B7RP- 
l-ICOS interactions would also deliver a signal for the up-regulation of 
CCR3, CCR4 and CCR8. As the ligands for these receptors— eotaxin, 




MDC and 1-309 — are induced during allergic inflammation from 
epithelial celts and monocytes and have been implicated in mediating 
T H 2 accumulation in the lungs" *"- J1 , ICOS-mediated costimulation of 
effector cells would then provide the signal for these effector cells to 
migrate from secondary lymph nodes into the airways. These data also 
provide evidence that suggests inhibition of signaling via the B7RP- 
1-ICOS pathway may represent a new target for the treatment of dis- 
[j eases such as allergic asthma, which are characterized by inappropriate 
*i T H 2 activation, without compromising hose protective responses to 
S pathogenic bacteria and viruses. 

o Methods 

§ MonwronoJanlMCOS generation. Wky rats 

E mute wilh purified murine ICOS-lg ( 100 ug) in CFA and bowled via the up. and subcui 

E ncous routes. Splenocyles were fused with SP/2 myeloma cells and Ilia resulting ctosi 

£5 were screened for binding to ICOS-transrected Jiirkat cells. Positive clones ( l2of 600) we 

a subcloned by limited dilution and isolyped with iiolyping secondary antibodi 



lung draining lymph nodes were removed on day 21 before and 1 h after antigen chal- 
lenge, cDNA prepared as described and the amounts of CCR3. COW. CCR8. IL-4. D.-10 
and IFN-y determined. Animals were treated with anli-ICOS or Ig control 1 h before chaJ- 

AutsimMl or I COS protein by smmuaahlrtocheralstry. Protein expression was deter- 
mined in noninflamcd and inflamed mouse lung tissue samples using the mAb to [COS and 
ICOS. B cell and PNA' cell expression in the 
also determined. Frozen sections were 
with anti-lCOS. then biotinylated ami-rat Ig and KRP-streptavidin. B cells were 
labeled with biolinylaled B220 and detected with alkaline phosphate streptavidin and ger- 
minal centers detected with biotinylated PNA aifi avidin (both from Vector Laboratories. 
Burlingame. CA). All washes between antibody incubations were done in PBS Tweea and 
slides were mounted for microscopy in Fluoromount-G (Southern Biotechnology. 
Birmingham, AL). 

Cytokine and IgE measurement. Serum and supematanl cytokine release was clelermined 
by ELISA. Sera from five different mice were analyzed in each group. Serial dilutions or 
samples were analyzed for IL-4, IL-S, rL-10. IL- 12. IL- 13 and IFN-y expression with com- 
mercial ELISA kits (Endogen, Boston. MA). 



CD4- T ce 



cells (Ixl(r7200 pi) with anli-ICOS (10 ug/ml) at room 
ue for 30 min and then adding BTRP-l-lg (2 ug/ml) to the mixture for another 30 
min. lCOS-B7RP-l-lg binding was detected by FACS with a phycoerytlirin (PEKonju- 
man Ig (PllarMingen). 

ulatlon. Mice expressing the transgene encoding Die DOI 1. 10 aSTCR. 

[Washington University. St Louis. MO). OVA-specific TCR-transgenic 
re isolated from tlie spleen witli negative-selection columns (R&D. 
Minneapolis. MN). Anligen-presenting cells (APCs) were prepared from mitomycin 
C-treated (SO tig/ml, 30 min) BALB/c splenocytrs. OVA-specific CD4-T cells (lxlOVml) 
were stimulated with APCs (2xl0Vml). the peptide OVA(323-339) (0.3 ug/ml). anti-lCOS 
(mAb I2A8 or 1C10, 10 ug/ml) or control rat Ig(10 pg/inl)for S days, washed and aliquot - 
led into 96-well plates. Activated CD4- T cells (2xlOVwe]l) went reslimulaled witli fresh 
APCs (2x lOVwell) and OVA (1 iig/ml) for anotlier 2 days. The supematants from these cul- 



KLH antigen Immunization. BALB/c mice that were 5-8 weeks old (Jackson Laboratory. 
Bar Harbor, ME) were immunized with KLH (1 mg/ml). emulsified in CFA (v/v 1:1). via 
the left footpad and base of the tail (JO ul/sitek After 10 days, the draining lymph nodes 



ig inflammation used consisted of a sensitization phase (0. 1 mg/mouse or i.p. 
OVA on day 0) (Sigma. St. Louis. MO) and an induction of Hie response phase (2* OVA 
for 5 min by aerosol on day B and 1% OVA for 20 min by aerosol on days 15-21). PBS (i.p. 
and/or aerosol) was administered to mice as a negative control. For the neutralizing exper- 
imentt. nuce also received 30 ug/mouse of anli-ICOS or 100 tig/mouse of ICOS-lg or 
CTLA-4-lg. Antibodies and fusion proteins were administered i.p. 30 min before OVA 
challenge on days 0. Band IS-21 orondaylOand8oronday21.0VA-treatedcontrolmice 
were injected wilh the same amount of control mAb at Die same time-points as were admin- 

by COi asphyaiation and lung leukocyte accumulation analyzed by bronchoalveolar 
lavages. AKR. expressed as enhanced pause (Penh) was measured 3 h after the last antigen 
challenge by recording respiratory pressure curves with whole-body plethysmography 
(Bunco Technologies. Sharon. CD in response to inhaled melhacholine (MCh. Aldricli. 
Milwaukee, Wl) at described" 

lungs of OVA-treated mice or control litlermates was extracted by single-step method 
with RNA STAT-60 (Tel-Test. Friendswood. TX). ICOS. CD28. CTLA-4. B7-I. B7-2. 
and B7RP-1 expression profiles were determined by RT-PCR (Taqman". Perkin-Elmcr. 
Norwalk. CD. Briefly, an oligonucleotide probe was designed to anneal to the gene of 
interest between two PCR primers. The probe was then fluorescently labeled with FAM 
(reporter dye) on die 5' end and TAMRA (quencher dye) on the 3' end. A similar probe 
and PCR primers were designed for CAPDH. The probe for tins gene incorporated VIC 
as the reporter dye. PCR reactions were run that included the primers and probes for these 
two genes, as well as cDNA made from various cells and tissues. As the polymerase 
moved across the gene during the reaction, it cleaved the quencher dye from one end of 
each probe, \ " ' ' .... 

— r The emissions recorded for each cDNA could then be cow 
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1. Introduction 

Asthma is a chronic inflammatory disease that has 
been on the rise in recent years despite increased use 
of medication. Nevertheless, the fundamental mecha- 
nisms that underlie the development and perturbation 
of the asthmatic state remain elusive. Asthma is 
characterized by variable airflow obstruction, airway 
hyperresponsiveness (AHR) and airway inflamma- 
tion. The inflammatory response in the asthmatic 
lung is characterized by infiltration of the airway 
wall with mast cells, lymphocytes and eosinophils. 
Although asthma is multifactorial in origin, recent 
advances suggest that asthma is an immune disease 
with a prominent role for T lymphocytes in the 
pathogenesis. In particular, CD4 + T cells producing 
a Th2 pattern of cytokines (interleukin (lL)-4, IL-5, 
IL-13, IL-9) have been hypothesized to play a piv- 
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otal role in the pathogenesis of this disease (Gerblich 
et al., 1991; Robinson et al., 1992; Walker et al., 
1992). These T cell-derived cytokines work in con- 
cert with chemokines and mediators released locally 
by the airway epithelium to orchestrate the recruit- 
ment and activation of the primary effector cells of 
the allergic response, the mast cell and the eosinophil. 
Activation of these effector cells results in the re- 
lease of a plethora of inflammatory mediators that 
individually or in concert induce changes in airway 
wall geometry resulting in the symptoms of the 
disease. 

Although considerable descriptive evidence sug- 
gests that CD4 + T lymphocytes and Th2 cytokines 
are important in the pathogenesis of AHR in asth- 
matic humans, definitive proof is difficult to obtain 
in humans. Therefore, experimental animal models 
have been extremely useful in delineation of the role 
of CD4 + T cells and T-cell-derived cytokines in the 
pathogenesis of asthma. The murine model has been 
a particularly valuable model because a wealth of 
immunologic reagents are available for the study of 
immune responses in this species. In addition, one of 
the attractive features of utilizing mice to study the 
pathogenesis of disease is the availability of over 
200 well-characterized inbred strains and the ability 
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to delete or overexpress specific genes through 
knockout and transgenic technologies. 

2. Role of T cells in the pathogenesis of asthma 

Direct evidence for a causal role for CD4 + T 
cells in the development of AHR has been provided 
in mice devoid of CD4 T cells (Gonzalo et al., 1996) 
and in those treated with anti-CD4 mAb (Gavett et 
al., 1994). Definitive evidence for a pathogenic role 
for Th2 cells is provided by the fact that adoptive 
transfer of Th2 cells into the lungs of naive mice 
induces AHR and allergic inflammation (Li et al., 
1996; Cohn et al., 1998). On the other hand, transfer 
of Thl cells results in an inflammatory response, but 
no AHR (Cohn et al., 1998). Furthermore, studies in 
which administration of agents such as IL-12 and 
IFN-7 that inhibit Th2 cytokine production and stim- 
ulate Thl pathways have been shown to prevent the 
development of antigen-induced AHR and inflamma- 
tion in murine models (Lack et al., 1996; Gavett et 
al, 1995). 

Despite the recognition that Th2 cytokines play a 
pivotal role in the development of the allergic diathe- 
sis, the exact mechanisms by which they induce 
asthma and AHR are still unknown. The major focus 
has been on the paradigmatic type 2 cytokines, IL-4 
and IL-5. Both are thought to be central to the 
development of the allergic phenotype through their 
ability to drive IgE synthesis by B cells (Finkelman 
et al, 1988), and their critical involvement in the 
production, recruitment and activation of eosinophils 
(Wang et al, 1989). Indeed, early murine studies in 
which the levels of these cytokines were manipulated 
either through antibody blockade (Lukacs et al, 
1994; Kung et al, 1995; Coyle et al, 1995) or gene 
targeting (Brusselle et al, 1995; Rankin et al,1996; 
Foster et al, 1996) supported a role for these cy- 
tokines in allergen-driven pathophysiologic pro- 
cesses. However, more recent studies suggest that 
perhaps these two cytokines are not necessarily es- 
sential for the development of AHR (Coyle et al, 
1995; Corry et al, 1998; Hogan et al, 1998). First, 
several groups showed that while antibody-mediated 
blockade of IL-4 during allergen sensitization ablates 
the development of allergic asthma, similar blockade 
of IL-4 prior to or during antigen challenge inhibits 
neither allergic inflammation nor AHR (Coyle et al. 



1995; Corry et al, 1998). This strongly suggested 
that, while IL-4 plays its well-recognized im- 
munoregulatory role in generating Th2 deviation in 
these models, it is not necessary for the expression of 
allergic asthma. This was further supported by the 
finding that transfer of Th2 cells derived from IL-4 
deficient mice was still able to confer AHR (Cohn et 
al, 1998). Further evidence that neither IL-4 nor 
IL-5 were essential for the expression of AHR was 
provided by the finding that mice rendered deficient 
in both IL-4 and IL-5 still develop AHR in response 
to allergen sensitization and challenge (Hogan et al, 
1998). Interestingly, Gavett et al. (1997) found that 
blockade of the IL-4 receptor alpha chain prior to 
antigen provocation in sensitized mice effectively 
inhibited AHR, eosinophilic accumulation, and mu- 
cus hyperplasia. Furthermore, Kuperman et al. (1998) 
showed that a deficiency in the signal transducer and 
activator of transcription- 6 (STAT6) molecule, which 
mediates most of the cellular actions of both IL-4 
and IL-13 (Zurawski et al, 1993), abolished 
antigen-induced eosinophilic inflammation and AHR. 
These results suggested that the steps distal to IL-4Ra 
ligation were clearly important in the development of 
allergic responses, but that IL-4 did not appear to be 
the ligand. As the T cell-derived cytokine, IL-13, 
also signals through this pathway, it was proposed 
that the effectiveness of IL-4 receptor blockade was 
due to inhibition of IL-13 mediated processes not 
those mediated by IL-4. 

This hypothesis was supported by our recent find- 
ing that blockade of IL-13 at the time of antigen 
challenge in antigen-sensitized mice via administra- 
tion of a soluble IL-13Ra2-Ig, which only binds 
IL-13, ablated antigen-induced AHR (Wills-Karp et 
al, 1998). Interestingly, the reversal of antigen- in- 
duced AHR was not associated with suppression in 
either IgE levels or BAL eosinophil numbers. How- 
ever, antigen-induced mucus hyperplasia was inhib- 
ited by IL-13 blockade. Further proof of its impor- 
tance in this response was provided by the finding 
that delivery of the recombinant cytokine to the 
lungs of naive animals reproduced many features of 
the allergic phenotype (i.e. AHR, eosinophil, mu- 
cus hyperplasia) (Wills-Karp et al, 1998; Grunig et 
al, 1998). These findings have been corroborated by 
Zhu et al. (1999) using IL-13 transgenic mice. In 
addition, they demonstrated that chronic overexpres- 
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sion of IL-13 in the lungs of the transgenics also 
induced subepithelial fibrosis. 

3. Role for IL-13 in human asthma 

The relevance of these findings to human asthma 
is supported by the fact that IL-13 has been shown to 
be elevated in the lungs of asthmatics in several 
studies (Huang et al., 1995; Ying et al., 1997; Hum- 
bert et al., 1997; Till et al., 1997). Interestingly, 
elevations in IL-13 mRNA and protein levels ap- 
peared to be more associated with asthma than with 
atopy as levels were increased in the lungs of atopic 
and non-atopic asthmatic patients, but not in atopic- 
non-asthmatics when they were compared to normal 
subjects (Humbert et al., 1997). Of note, the IL-13 
and IL-4 genes are located on human chromosome 
5q31 in a region that has been linked with asthma 
(Marsh et al., 1994). Interestingly, a polymorphism 
in the IL-4R has recently been shown to be associ- 
ated with asthma (Hershey et al., 1997). 

4. Differential role of IL-4 and IL-13 in the aller- 
gic response 

The reasons for the apparent differences in the 
contribution of IL-4 and IL-13 to the effector phase 
of the allergic response are not well understood. 
However, reasonable hypotheses include: (1) that 
there are differences in the kinetics of IL-4 and 
IL-13 production during the immune response to 
inhaled antigens; (2) that there are differences in the 
affinities of these receptors for IL-4 and IL-13; or (3) 
that these receptors induce different signaling path- 
ways. The simplest of these explanations is that 
perhaps IL-4 is produced primarily during the differ- 
entiation phase of the response, and that IL-13 is 
either produced later or its production is sustained. 
Alternatively, the distribution and make-up of the 
IL-4/IL-13 receptor complex on lung cells may 
determine the binding affinity of the receptor com- 
plex for IL-4 or IL-13. There are currently two 
known IL-13 -binding proteins referred to as IL- 
13Ral and IL-13Ra2 (Caput et al., 1996; Donald- 
son et al., 1998). The IL-13Ra2 chain specifically 
recognizes IL-13 with high affinity in the absence of 
a co-receptor. Its exact role in IL-13 signaling is 
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unknown as it does not appear to serve a signaling 
function. The functional IL-13R complex is thought 
to contain the IL-13Ral and the IL-4Ra chains. 
This complex binds both IL-4 and IL-13. On the 
other hand, the unique IL-4 receptor is composed of 
the IL-4Ra and the common 7-chain (7c), a shared 
component of the receptors for IL-2, IL-7, IL-9, and 
IL-15. It has been shown that depending on the exact 
composition of these complexes, IL-4 and IL-13 will 
bind with different affinities and presumably com- 
pete for binding of the receptor complexes if both 
cytokines are present. Specifically, the presence of 
7 c (which is primarily on hematopietic cells) lowers 
binding affinity of the complex for IL-13 and it is 
thought that the presence of the IL-13Ra2 may 
weaken binding of the complex for IL-4. Thus, 
differences in the make-up of the IL-4/IL-13 recep- 
tor complex on resident airway cells may bias the 
effector responses towards one or the other cytokine. 

Signaling through IL-4/IL-13 complexes is 
thought to occur through the IL-4Ra chain as anti- 
bodies directed against the IL-4Ra chain inhibit the 
binding and the biologic activities of both IL-4 and 
IL-13. Both cytokines have been shown to activate 
the JAK-1 and Tyk-2 kinases and induce tyrosine 
phosphorylation of the IL-4Ra chain and the 170-kd 
insulin receptor substrate-2, which is the docking site 
for the Src homology domain containing the Pl-kinase 
in lymphoid cells (Hilton et al., 1996). In contrast to 
IL-4, IL-13 does not induce the activation of JAK-3 
kinase, which associates with the 7c of the IL-4R 
complex after IL-4 binding. Phosphorylation of the 
IL-4Ra chain after binding of IL-13 or IL-4 results 
in the recruitment, phosphorylation, and nuclear 
translocation of STAT6 and the activation of IL-13 
and IL-4 responsive genes (Zurawski et al., 1993). 
In the context of the allergic response, we have 
previously shown that STAT6 molecules are essen- 
tial for the development of allergen-induced AHR 
(Kuperman et al., 1998). Thus, although some of 
IL-13's actions may be mediated via other signaling 
pathways, IL-13 -induced AHR appears to be medi- 
ated via the STAT6 signaling pathway. 

5. Potential mechanisms of IL-13-induced AHR 

Although the exact mechanisms by which IL-13 
induces AHR are currently not known, IL-13 has 
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Fig. 1. Schematic representation of the potential mechanisms by which Th2 cells induce the allergic diathesis. In the lungs of asthmatic 
individuals stimulation of allergen-specific T cells by allergen-derived peptides presented by antigen-presenting cells (dendritic cells) in the 
context of class II MHC molecules results in differentiation of T cells into Th2 cytokine producing cells. Th2 cells produce IL-4 IL-13 and 
IL-5, which coordinate^ regulate the allergic response. IL-4 directs the differentiation of T cells towards a Th2 cytokine profile' and acts as 
a growth factor for the expansion of these cells. IL-5 regulates the differentiation and egress of eosinophils from the bone marrow into the 
blood. IL-13, likely promotes the recruitment and activation of effector cells in the allergic response via binding to its receptor on numerous 
ceUs types such as B cells, eosinophils, and airway smooth muscle. Dc, dendritic cell; B, B cell; Ag, antigen; IgE, immunoglobulin E' 
MHCII, major histocompatibility complex II; ASM, airway smooth muscle; eos, eosinophil; IL-interleukin; Th T helper cell 




several known functions, which are potentially im- 
portant in the development of allergic airway dis- 
ease: the induction of IgE production (Emson et al., 
1998); activation of mast cells (Nilsson and Nilsson, 
1995); the induction of VCAM-1 expression on vas- 
cular endothelium (Bochner et al., 1995); direct acti- 
vation of eosinophils (Horie et al., 1997); and induc- 
tion of chemokine production (Jordan et al., 1997) 
(Fig. 1). In addition, IL-13 may alter smooth muscle 
contractility either through one of the pathways high- 
lighted above or independently. In this regard, Chen 
and Panettieri (1999) have recently reported that 
IL-13 can augment cholinergically induced contrac- 
tions of tracheal smooth muscle in vitro suggesting 
that IL-13 may mediate AHR via direct effects on 
airway smooth muscle. Future studies will undoubt- 
edly reveal the exact mechanism(s) by which IL-13 
mediates the effector phase of the allergic response. 



physiological and molecular mechanisms of allergic 
responses has been derived from the use of murine 
models. Collectively, the studies to date suggest that 
Th2 cytokines are clearly important in the pathogen- 
esis of allergic asthma. The individual Th2 cytokines 
likely have complementary roles in the induction and 
development of allergen-induced AHR. Specifically, 
IL-4 is necessary for the differentiation and expan- 
sion of Th2 cells, while IL-5 and IL-13 likely medi- 
ate the effector phase of the response by activating 
effector cells such as eosinophils, B cells and per- 
haps airway smooth muscle cells. The study of 
murine models should continue to provide insight 
into the immunological basis of allergic asthma and 
may ultimately lead to the development of im- 
munotherapeutic strategies to reduce the morbidity 
and mortality associated with this disease. 



6. Conclusions 

For over a relatively short period of time, a 
wealth of information regarding the immunological, 
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sary costimulatory signal required for the development of 
of Immunology, 1998, 160: 1036-1043. 

Allergic asthma is a disease characterized by airway hy- 
perresponsiveness, pulmonary inflammation, and ele- 
vated serum IgE levels. Increasing evidence suggests 
that T lymphocytes, in particular CD4 + T cells of the Th2 phe- 
notype, play a pivotal role in the development of the airway hy- 
perresponsiveness and the eosinophilic inflammatory response 
common in asthma (1-3). Elevated IL-4 and IL-5 levels in bron- 
chial biopsies (3), bronchoalveolar lavage (BAL) 3 cells (1, 2), and 
blood (2) of allergic asthmatic patients have been noted. Since 
these cytokines promote eosinophil chemotaxis (4), activation (5), 
and survival (6), as well as IgE production by B cells (7), this 
cytokine pattern has been thought to be important in human aller- 
gic asthma. 

We have recently provided additional support for this hy- 
pothesis in a murine model of Ag-induced airway hyperrespon- 
siveness and pulmonary eosinophilia in which allergic re- 
sponses are CD4 + T cell dependent (8) and associated with 
increases in Tb.2 cytokines in the lung (9). In addition, we dem- 
onstrated that administration of rIL-12, a cytokine important in 
Thl cell differentiation, both prevented and reversed the devel- 
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opment of allergic airway responses in mice (9). Despite con- 
siderable evidence suggesting that T lymphocytes play a pivotal 
role in the pathogenesis of asthma, the molecular signals that 
direct the differentiation of naive T cells into pathogenic Th2 
cytokine-producing cells in the lung in response to inhaled al- 
lergens are not well understood. 

CD4 + T cell activation requires two distinct signals from 
APC (10). The first signal, -which confers specificity, is pro- 
vided by the interaction of the TCR with MHC II complexes on 
APC. A second costimulatory signal can be provided by APC- 
borne ligands for the CD28 and CTLA-4 receptors on T cells. 
TCR ligation in the absence of costimulation induces Ag-spe- 
cific T cell anergy (11). The ligands for CD28 and CTLA-4 are 
B7-1 (CD80) and B7-2 (CD86) (12, 13). Blockade of the B7/ 
CD28 pathway with CTLA4Ig, a soluble fusion protein (14), 
has been shown to effectively inhibit T cell activation in vitro 
(15, 16) and in vivo (17-22). Recently, some studies have sug- 
gested that B7/CD28-CTLA-4 interactions may not only be im- 
portant in T cell activation and IL-2 production, but may also 
play a role in T cell differentiation with B7-1 favoring devel- 
opment of Thl cells and B7-2 favoring Th2 cells (22-24). In 
contrast, other studies have suggested that B7-1 and B7-2 mol- 
ecules can substitute for each other during Th2 differentiation 
(25, 26). Few studies have examined the potential role of these 
costimulatory molecules in the development of T cell-depen- 
dent allergic airway responses. 

In the present study, we examined the relative contribution of 
B7-1 and B7-2 to the development of Th2-mediated allergic 
airway responses in an in vivo murine model of asthma, which 
we have previously described (8, 9). Our results demonstrate 
that B7-2 costimulatory molecules are required for the devel- 
opment of a type 2 cytokine pattern as well as the development 
of allergic airway responses. In contrast, treatment with anti- 
B7-] did not block the course of the type 2 immune response. 

0022-1767/98/502.00 
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Materials and Methods 

Animals 

Six-week-old male A/J mice were obtained from The Jackson Laboratory 
(Bar Harbor, ME) and were housed in a laminar flow hood in a virus-free 
animal facility for the duration of the experiments. The studies reported 
here conformed to the principles for laboratory animal research outlined by 
the Animal Welfare Act and the Department of Health, Education and 
Welfare (National Institutes of Health) guidelines for the experimental use 
of animals (n = 6-8 mice/experimental group). 

Special reagents 

Abs used for the in vivo cytokine intervention experiments included rat 
anti-mouse B7-2 (GL1) (27), hamster anti-mouse B7-1 (16-10A1) (28), 
control isotype-matched rat IgG2a (GL117), and control normal hamster 
IgG, which were prepared as previously described (29). 

Effects of B7 blockade on allergic airway responses to Ag 
challenge 

Mice were sensitized by i.p. injection of OVA (10 //.g in 0.3 ml PBS) or 
PBS alone (controls). Two weeks later, mice were anesthetized with a 
mixture of ketamine and xylazine (45 and 8 mg/kg, respectively) and chal- 
lenged by aspiration. Specifically, mice are placed on a board in a supine 
position. The animal's tongue extended with lined forceps and 50 of a 
1.5% solution of OVA or an equivalent volume of PBS (control) is placed 
on the back of the tongue. We have examined the deposition pattern of the 
Ag delivered in this manner by using Evans blue dye. We find that a small 
amount of the Ag is deposited in the trachea and the remainder is deposited 
in the airways. No Ag is detected in the esophagus or stomach. 

OVA-treated (both sensitized and challenged with OVA) and PBS : ,_ 
treated mice (both sensitized and challenged with PBS vehicle) were in- 
jected i.v. with anti-B7-l (100 fig), anti-B7-2 (100 jxg), or a combination 
of both anti-B7-l and anti-B7-2 mAbs (total of 200 fxg) 24 h prior to OVA 
or PBS challenge. Control animals were administered either 100 ^g ham- 
ster IgG, 100 u.g IgG2a (GL117), or 100 /ig of both hamster IgG and 
IgG2a (GL117). On the day of the challenge, Abs (100 jig/mouse) were 
administered with the PBS or OVA by aspiration in a total volume of 50 
txl. Ninety-six hours after challenge, airway responsiveness to i.v. acetyl- 
choline challenge was determined, the number of inflammatory cells in 
B AL fluids was determined, lungs were saved for measurement of cytokine 
mRNA levels, and blood was taken for analysis of Ig levels. 

Airway responsiveness measurements 

Airway responsiveness to i.v. acetylcholine challenge was measured as 
previously described with minor modifications'^, 9). Briefly, mice were 
anesthetized with sodium pentobarbital (17.5 mg/ml), intubated with a 20- 
gauge tracheal cannula, and ventilated at a rate of 120 breaths/min with a 
constant tidal volume of air (0.2 ml). Airway pressure was measured with 
a pressure transducer via a port of the tracheal cannula. Muscle paralysis 
was provided by i.v. administration of decamethonium bromide (25 mg/ 
kg). After establishment of a stable airway-pressure recording, acetylcho- 
line was injected i.v. (50 /ig/kg) and the changes in airway pressure were 
recorded. Airway responsiveness was defined by the time-integrated 
change in peak airway pressure (airway pressure-time index; cm H 2 0 
per s). 

Assessment of airway inflammation 

After airway responsiveness measurements, lungs were lavaged thoroughly 
with 1 ml of HBSS solution without calcium or magnesium plus 10% FBS. 
The lavage fluid was centrifuged (300 X g X 10 min), the supernatant was 
removed for cytokine analysis, and the cell pellet was resuspended in 1 ml 
of HBSS solution plus 10% FBS, and counted with a hemocytometer. Slide 
preparations were stained with Diff-Quick (Baxter, McGaw Park, IL) and 
BAL cell differential percentages were determined based on light micro- 
scope evaluation of >500 cells/slide. 

Quantitation of cytokine mRNA levels in the lung 

RNase-free plastic and water were used throughout the assay. Tissues were 
homogenized in RNAzol B (Cinna/Biotecs, Friendswood, TX) at 50 mg of 
tissue/ml. Purified RNA (10 p.g) was subjected to electrophoresis on a 2% 
formaldehyde gel containing ethidium bromide (30). The gel was photo- 
graphed and individual lanes were examined for the presence of 18S and 
28S ribosomal bands, the absence of RNA degradation, and the quantity of 
RNA loaded onto each lane. 

The procedures for reverse transcription and PCR were previously re- 
ported (30> and are briefly described here. RNA samples were reverse 



transcribed with Superscript RT (Bethesda Research Laboratories, Rock- 
ville, MD), and cytokine-specific primers were used to amplify selected 
cytokines (30). For each cytokine, the optimum number of cycles (i.e., the 
number of cycles that would produce a detectable quantity of cytokine 
product DNA that was directly proportional to the quantity of input 
mRNA) was determined experimentally. To verify that equal amounts of 
undegraded RNA were added in each RT-PCR reaction within an experi- 
ment, the "housekeeping gene," hypoxanthine guanine phosphoribosyi- 
transferase (HPRT), was used as an endogenous internal standard, and 
amplified with specific primers at the number of cycles at which a linear 
relationship between input RNA and final HPRT product was detected. 
Although HPRT values did not usually vary more than two- to threefold, 
values for specific cytokines were normalized to HPRT values. Amplified 
PCR product was detected by Southern blot analysis and the resultant sig- 
nal was quantitated with a Phosphorlmager (Molecular Dynamics, Sunny- 
vale, CA). Mean values are expressed relative to the means of the PBS- 
challenged animals, which were arbitrarily given a value of 1. 

Quantitation of cytokine protein levels in BAL fluid 

After airway measurements, mice were lavaged thoroughly with 1 ml of 
HBSS solution without calcium and magnesium plus 10% FBS. The lavage 
fluid was centrifuged, and aliquots of the supernatants were stored without 
further treatment at -80°C until analyzed by ELISA. ELISAs for IL-4, 
IL-5, and IFN-7 were conducted using matching Ab pairs obtained from 
PharMingen (San Diego, CA), according to the manufacturer's instruc- 
tions. The following Ab pairs were used for ELISA detection of IL-4, IL-5, 
and IFN-7, respectively: BVD4-1D1 1 and BVD6-24G2; TRFK5 and JES1- 
39D10; R46A2 and XMG1.2. OD readings of samples were converted to 
picograms per milliliter using values obtained from standard curves gen- 
erated with varying concentrations of recombinant IL-4, DL-5 and IFN-7 
(2000 pg/ml-5 pg/ml). The limit of detection was 5 pg/ml for each assay. 

OVA-specific lgC1 and lgG2a ELISA assays 

Sera were obtained from blood taken during exsanguination of the animals 
after airway measurements. IgG subclass specific ELISAs were used to 
quantitate OVA-specific IgGl and IgG2a Ab levels in serum. Briefly, 96- 
well Coming ELISA plates were coated with 50 p,l of OVA (100 /ig/ml) 
in HBSS overnight at room temperature. Sixteen hours later, wells were 
blocked with the addition of PBS-10% FBS (200 jd/well) for 2 h at room 
temperature. Following blocking, the plates were washed with PBS- 
Tween-20, sera were added (100 ^I/well of a 1:100 dilution in PBS-1% 
FBS), and plates were incubated overnight at 4°C. Plates were then washed 
with PBS-Tween and incubated with biotin-conjugated anti-mouse IgGl 
(1 :2000; 7, chain specific) or anti-mouse IgG2a (1 :2000; 7 2a chain specific; 
PharMingen) for 1 h at room temperature. After washing, plates were blot- 
ted dry and developed with 100 ul of an avidin peroxidase solution (ABTS, 
Kirkegaard and Perry, Gaithersburg, MD). Plates were read at 405 nm. 

Quantitation of total serum IgE 

Sera were obtained from blood taken during exsanguination of the animals 
after airway measurements and 100 /utl (1:50 dilution in 1% FBS in PBS) 
was added/well. An IgE-specific ELISA was used to quantitate total IgE 
Ab levels in serum using matching Ab pairs (R35-72 and R35-92) obtained 
from PharMingen according to the manufacturer's instructions. OD 405 
readings of the samples were converted to picograms per milliliter using 
values obtained from standard curves generated with varying concentra- 
tions of IgE and the final concentration was obtained by multiplying by the 
dilution factor. 

Data analysis 

Data are summarized as mean ± SE. The statistical analyses of the results 
were performed by analysis of variance using Fisher's least significant 
difference test for multiple comparisons. Probability values <0.05 were 
considered significant. 

Results 

B7-2 blockade ablates airway hyperresponsiveness and 
pulmonary inflammation 

As B7-1 and B7-2 molecules are thought to be important in Th 
cell differentiation, we sought to determine the relative contri- 
bution of B7-2 and B7-1 to the development of Th2-mediated 
Ag-induced airway hyperresponsiveness and inflammation. As 
previously reported (8, 9), airway reactivity to i,v. acetylcholine 
challenge in OVA-treated mice was significantly increased 
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FIGURE 1. B7-2 blockade inhibits 
Ag-induced airway hyperresponsive- 
ness to i.v. acetylcholine in mice 96 h 
after a single challenge with OVA or 
PBS. OVA-sensitized mice were in- 
jected i.v. with either anti-B7-1 (100 
/Ag), anti-B7-2 (100 fig), or a combina- 
tion of both Abs (200 fig) 24 h prior to 
aspiration challenge with OVA, re- 
spectively. Control animals were ad- 
ministered either 100 /xg hamster IgC, 
100 fig lgC2a (GUI 7) or 100 fig of 
both hamster IgC and lgC2a (GL1 1 7). 
On the day of the challenge, either 
specific Abs or isotype-matched con- 
trol Abs (1 00 /Lg/mouse) were admin- 
istered with the PBS or OVA by aspi- 
ration in a total volume of 50 fi\. 
Values shown are means + SE of six to 
eight animals per group. + p < 0.05 
compared with PBS group; *p < 0.05 
compared with OVA + respective iso- 
type control mAb-treated groups. 
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compared with that in PBS-treated mice (Fig. 1). Strikingly, 
ariti-B7-2 treatment completely ablated airway hyperrespon- 
siveness to acetylcholine in OVA-treated mice as compared 
with airway responses of OVA-treated mice receiving the iso- 
type-matched Ab (GL117). In marked contrast, anti-B7-l mAb 
treatment had no significant effect on airway reactivity in OVA- 
treated mice as compared with their controls (OVA + hamster 
IgG). Isotype-matched control Ab (i.e., hamster IgG or rat 
IgG2a (GL1 17)) administration had no significant effect on air- 
way reactivity in OVA-treated mice. Combining anti-B7-l and 
anti-B7-2 mAb treatments suppressed airway responses to the 
same degree as anti-B7-2 mAb treatment alone. These results 
demonstrate the importance of B7-2 molecules in the functional 
airway responses to T cell activation by inhaled Ags. 

Examination of the cellular composition of BAL fluids revealed " 
that the majority of cells in the BAL fluid of PBS control animals 
were alveolar macrophages (Fig. 24). Following OVA sensitiza- 
tion and challenge no significant increases in BAL macrophages 
were observed, however, there were marked increases in the num- 
ber of BAL eosinophils (Fig. 2B). Anti-B7-2 treatment of OVA- 
treated mice resulted in virtual ablation of eosinophils in the BAL, 
while anti-B7-l partially suppressed the number of eosinophils 
recovered in the lavage fluid. The combination of anti-B7-l and 
B7-2 mAbs did not result in any additional significant inhibitory 
effect on eosinophil numbers over that observed with anti-B7-2 
treatment alone. All three isotype-matched control Abs had a ten- 
dency to reduce alveolar macrophage numbers although not sig- 
nificantly; however, they had no significant effect on eosinophil 
numbers in the BAL. 

B7-2 costimulation is required for Th2 cell differentiation 
To determine the role of B7 molecules in T cell differentiation 
and cytokine production, we examined the effects of blockade 
of B7-1, B7-2, or both on IL-4, IL-5, and IFN-7 mRNA and 
protein levels. Detectable mRNA and protein levels of IL-4, 
IL-5, and IFN-7 were observed in PBS-treated mice (Figs. 3, 4, 
and 5). As we have previously demonstrated (9), following Ag 
challenge significant increases in both mRNA and protein levels 
of the type 2 cytokines, IL-4 and IL-5, were observed, whereas 
no significant increases in the type 1 cytokine, IFN-7 were 
found. Ag challenge also induced significant increases in IL-10 



mRNA levels as compared with PBS controls (Fig. 6). Anti- 
B7-2 or the combination of anti-B7-l and anti-B7-2 mAbs sig- 
nificantly suppressed* Ag-induced increases in protein levels of 
IL-4 and IL-5 as compared with their respective isotype Ab 
controls, while having no effect on IFN-7 levels. In marked 
contrast, anti-B7-l ,did not significantly alter IL-4, IL-5, or 
IFN-7 mRNA or protein levels in OVA-treated mice as com- 
pared with hamster IgG treatment. Interestingly, the combina- 
tion of anti-B7-l and anti-B7-2 Abs significantly increased 
BAL IFN-7 protein levels in PBS-treated mice. Isotype control 
Ab administration to OVA-treated mice had no significant effect 
on BAL IL-4 and IL-5 protein levels as compared with OVA- 
treated mice receiving no Ab treatments. These results demon- 
strate that B7-2 provides costimulation for the differentiation of 
T cells into type 2rproducing cells in response to inhaled Ag, 
and suggests that B7-1 does not contribute to the immune re- 
sponse in this model, at least to the extent that the dose of 
anti-B7-l Ab used inhibited B7-1 interactions. 

Effects of B7 blockade on serum Ig levels 
To examine the role of B7 molecules in humoral responses to 
inhaled OVA exposure, we measured OVA-specific levels of 
IgGl and IgG2a and total IgE in serum samples from animals 
receiving Abs to B7-1, B7-2, or both. Administration of anti- 
B7-2 mAb to Ag-treated mice resulted in significant suppres- 
sion of OVA-specific IgGl when compared with mice treated 
with the isotype control Ab GL117, while having no effect on 
IgG2a levels (Fig. 7). On the other hand, anti-B7-l did not 
affect either IgGl or IgG2a levels. Combined mAb treatment 
did not result in any significant inhibitory effect on Ig levels 
over that observed with anti-B7-2 treatment alone. Isotype- 
matched control mAb treatment had no effect on OVA-specific 
serum levels of IgGl or IgG 2a. 

OVA sensitization and challenge resulted in significant eleva- 
tions in total serum IgE levels as compared with PBS controls (Fig. 
8). Anti-B7-2 mAb treatment abolished OVA-induced increases in 
IgE levels when compared with isotype control Ab-treated mice, 
while anti-B7-l had no effect. Isotype-matched control Abs had no 
significant effect on IgE levels in either PBS- or OVA-treated 
mice. As IgE Ab production is LL-4 dependent, these results lend 
further support for the role of B7-2 costimulatory molecules in 
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FIGURE 2. Effects of B7 blockade on num- 
bers of BAL macrophages (A) and eosinophils 
(fi) recovered from mice 96 h after a single 
OVA or PBS challenge. Values shown are 
mean + SE of 6 to 8 mice/group. Mice were 
treated as described in Figure 1. + p < 0.05 
compared with PBS group; *p < 0.05 com- 
pared with OVA + respective isotype control 
mAb-treated groups. 




type 2 cytokine production as well as in the development of aller- 
gic responses. 

Discussion 

Allergic asthma is characterized by airway hyperresponsiveness, 
eosinophilic inflammation and elevated serum IgE levels. Several 
studies have shown that this disease is associated with elevated T 
lymphocytes in the lungs and a Th2 pattern of cytokine production 
(1-3). Utilizing a murine model, we have previously demonstrated 
that the development of allergic responses to allergens is CD4 + T 
cell dependent (8) and ameliorated by the addition of agents that 
either directly block Th2 cytokine activity or that prevent the ex- 
pansion of type 2 cytokine-producing cells (9, 31). Studies in sev- 
eral experimental systems have demonstrated the importance of 
JL-4 and IL-5 in the development of airway hyperresponsiveness, 
"eosinophilia, and elevations in IgE (32, 33). 

It has recently been demonstrated that T cell activation requires 
multiple signals in addition to those conveyed through interaction 
of the TCR with MHCII complexes on APC (10). One of the most 
well characterized costimulatory signaling pathways involves the 
CD28 and CTLA-4 molecules that are expressed on T cells and 
their ligands, B7 molecules that are expressed on APC (1 1-13). 
We have recently demonstrated that CTLA4Ig, a fusion protein 
that inhibits the interaction of B7 molecules with both CD28 and 
CTLA-4, ablated the development of airway hyperresponsiveness, 
eosinophilic inflammation, and elevations in serum IgGl and IgE 
Abs when administered either prior to sensitization or prior to local 
lung challenge (34). Inhibition of these responses was associated 



with suppression of Th2 cytokines without any changes in the Thl 
cytokine, IFN-y. These studies demonstrated that B7 molecule in- 
teraction with either CD28 or CTLA-4 was important both in the 
initial sensitization step and in the subsequent challenge response 
in the lung. Our findings support that of previous studies using 
similar murine models (35, 36). To date at least two members of 
the B7 family have been identified, namely B7-1 (CD80) and B7-2 
(CD86) (12, 13). Considerable controversy exists as to whether 
these molecules are interchangeable or mediate distinct functions 
through CD28 (22-26). Some studies have supported the concept 
that they mediate distinct functions and moreover that B7-1 is 
important in Thl cell differentiation and that B7-2 molecules are 
important in Th2 cell differentiation (22-24). However, previous in 
vitro studies have suggested that either B7-2 costimulation pro- 
motes the differentiation of naive T cells toward a Th2 phenotype 
(24) or that B7-1 or B7-2 interactions with CD28 can support Th2 
cell differentiation (25). The present study was undertaken to de- 
termine whether the ligation of B7-1, B7-2, or both molecules was 
required for development of a type 2 mucosal immune response to 
Ag exposure in a murine model. 

Our results demonstrate that B7-2, but not B7-1, costimulation 
is necessary for the development of allergic responses to inhaled 
Ags in this murine model. Strikingly, B7-2 blockade completely 
eliminated Ag-induced airway hyperresponsiveness, eosinophilic 
inflammation, and elevations in serum IgE levels. In conjunction 
with its inhibitory effects on these functional responses, anti-B7-2 
mAb ablated Ag-induced increases in Th2 cytokines in BAL 
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FIGURE 3. Effect of B7 blockade on 
IL-4 protein levels in BAL supernatants 
of mice 96 h after a single OVA or PBS 
aspiration challenge. PBS- or OVA- 
challenged mice were treated with anti- 
B7-1, anti-B7-2, or a combination of 
both Abs'as described in Figure 1 . Pro- 
tein levels were analyzed using ELISAs 
as described in Materials and Methods. 
After subtracting background absor- 
bance, OD readings were converted to 
picograms per millimeter by compari- 
son with standard curves. Results 
shown are means + SE of cytokine pro- 
tein levels for six to eight.mice in each 
group. + p < 0.05 compared with PBS 
group; *p < 0.05 compared with 



OVA + 



mAb-treated 



respective isotype control 



ROLE OF B7-1/B7-2 COPULATION IN MURINE ASTHMA 




group. 



pg IL-4/ml BAL 




pg IL-5/ml BAL 



FIGURE 4. Effect of B7 blockade on 
IL-5 protein levels in BAL supernatants 
of mice 96 h after a single OVA or PBS 
aspiration challenge. PBS- or OVA- 
challenged mice were treated with anti- 
B7-1, anti-B7-2, or a combination of 
both Abs as described in Figure 1 . Pro- 
tein levels were analyzed using ELISAs 
as described in Materials and Methods 
and in the legend to Figure 3. Results 
shown are means + SE of cytokine pro- 
tein levels for six to eight mice in each 
group. + p < 0.05 compared with PBS 
group; *p < 0.05 compared with 
OVA + respective isotype control 
- mAb-treated group. 



FIGURE 5. Effect of B7 blockade on 
IFN-y protein levels in BAL superna- 
tants of mice 96 h after a single OVA or 
PBS aspiration challenge. PBS- or 
OVA-challenged mice were treated 
with anti-B7-1, anti-B7-2, or a combi- 
nation of both Abs as described in Fig- 
ure 1. Protein levels were analyzed us- 
ing ELISAs as described in Materials 
and Methods and in the legend to Fig- 
ure 3. Results shown are means + SE of 
cytokine protein levels for six to eight 
mice in each group. + p < 0.05 com- 
pared with PBS group; *p < 0.05 com- 
pared with OVA + respective isotype 
control mAb-treated group. 




pg IFN-g/ml BAL 



fluids, with no effect on IFN- T levels. As there were no signif- 
icant increases in IFN- 7 after Ag challenge, it is not surprising 
that anti-B7-2 mAb treatment did not affect IFN-y levels In 
contrast, anti-B7-l blockade did not result in suppression of 
Ag-induced airway hyperresponsiveness, IgE production, or 
Th2 cytokine production. These results provide evidence that 
B7-2 costimulation can play an essential role in the develop- 
ment of allergic asthma. 



Although B7-2 was required for the development of this type 
2 allergic immune response, blocking B7-2 interactions did not 
cause immune deviation toward increased IFN-y expression, 
nor did blocking B7-1 interactions promote a more severe al- 
lergic response. Similarly, we have shown that CTLA4Ig treat- 
ment of OVA-sensitized and challenged A/J mice suppressed 
Ag-induced Th2 cytokine production, but did not alter IFN-y 
levels (37). Our results are in contrast to those of Tsuyuki et al. 
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FIGURE 6. Effects of B7-1 and B7-2 
blockade on IL-4, IL-5, IFN-7, and IL-10 
mRNA expression in the lungs of mice 
96 h after OVA challenge. Mice were 
treated as described in Figure 1. RNA 
was extracted from lungs and purified 
using the RNAzol B method, reverse 
transcribed into cDNA, and then sub- 
jected to varying cycles of PCR as de- 
scribed in Materials and Methods. Am- 
plification of HPRT was performed as a 
control for the total amount of cDNA 
used in PCR. Data are expressed as the 
mean + SE of the fold increase over con- 
trol PBS values (n = 4). 
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FIGURE 7. Effects of B7 molecule blockade on OVA-specific serum levels of IgGI and lgG2a. Mice were treated as shown in Figure 1 . OD values 
f mm p« .i„n— ~i were at background levels (50 ± 0.05). Values shown are the mean + SE of Ab levels from six to eight mice 

ith respective isotype controi mAb-treated OVA group. 



from PBS challenged control 
per group, "p < 0.05 as compared 



FIGURE 8. B7-2 blockade in- 
hibits Ag-induced increases in 
total serum IgE levels. Mice 
were treated as described in Fig- 
ure 1 . Values are mean + SE of 
IgE levels from six to eight mice 
pet group. + p < 0.05 compared 
to PBS group; *p < 0.05 com- 
pared with respective isotype 
control mAb-treated OVA 
group. 




(35) who demonstrated Using a similar Ag exposure model with 
SV129 mice that anti-B7-2 mAb administration did in fact in- 
duce increases in 1FN- y levels in in vitro-activated lung T cells. 



These differences may reflect the inherent susceptibility of the 
A/J strain to the development of Th2 responses and that IFN-7 
production or pathways associated with IFN-y production are 



_ deficient in these mice. Consistent wit^B is our finding that 
*ff these animals are given, exogenous B they will produce 
» IFN-y, which effectively ablates the development of the allergic 
phenotype (9). Another potential difference is that in our study 
cytokines were measured in BAL fluids taken at the time of 
measurement of allergic airway responses whereas in their 
study, IFN-y levels were derived from isolated lung cells stim- 
ulated in vitro with anti-CD3 Abs. 

Our studies demonstrate that B7-2, but not B7-1, costimula- 
.tion is necessary for T cell help leading to B cell activation and 
secretion of IgGl and IgE. Since these Abs are associated with 
Th2 cell effector function, they- provide further evidence that 
B7-2 costimulation is required for IL-4 production and the de- 
velopment of a type 2 immune response (7). These observations 
are consistent with our previous finding that CTLA4Ig prevents 
the development of humoral responses in allergen-challenged 
A/J mice (34). Consistent with the lack of increase in- IFN-y 
production in anti-B7-2-treated animals, IgG2a levels, which 
are thought to be IFN-y dependent, were not affected by anti- 
B7-2 treatment. The lack of involvement of B7-1 in OVA-in- 
duced Ab production was also demonstrated using YIOOF-Ig 
which recognizes B7-1 not B7-2, in a murine model of Ag- 
induced airway eosinophilia (37). 

One interesting finding was that CTLA4Ig administration to 
mice before Ag sensitization resulted in blockade of OVA-specific 
Abs of all isotypes studied (IgE, IgGl, and IgG2a), whereas when 
it was administered prior to Ag challenge it suppressed only IgE 
and IgGl with no effect on IgG2a levels. Administration of anti- 
B7-2 Abs reproduced the effect of CTLA4Ig on Ab production 
when it was given prior to local lung challenge. These results 
suggest that perhaps IgE and IgGl Ab increases were due to Ag 
presentation in the lung following local Ag challenge and that a 
more mixed response occurs during systemic sensitization. This is 
consistent with our observation that IgGl and IgE Ag production 
is markedly elevated following local Ag challenge as compared 
with that following systemic sensitization alone (M. Wills-Karp 
and A. M. Keane-Myers, unpublished observations). This hypoth- 
esis is supported by a recent report by Chvatchko et al. (38) in 
which they demonstrated the formation of germinal centers within 
the lung parenchyma, which predominantly produced OVA-spe- 
cific IgGl and IgE in mice challenged intratracheally with OVA. 

Surprisingly, anti-B7-l treatment of OVA-sensitized and chal- 
lenged animals partially suppressed OVA-induced increases in 
pulmonary eosinophilia, but not to the extent that anti-B7-2 treat- 
ment alone did. This finding is consistent with the reports of other 
investigators using similar murine models of allergic airway re- 
sponses (37). Harris et al. demonstrate that blockade of B7-1 with 
a mutant form of CTLA4Ig, which specifically blocks B7-1, sig- 
nificantly reduced Ag-induced tissue eosinophilia, but had no ef- 
fect on blood eosinophilia or IgE levels (37). In contrast to the 
partial suppression of eosinophilia by anti-B7-l Abs B7-2 block- 
ade virtually ablated Ag-induced increases in BAL eosinophils. 
This inhibition was concomitant with the suppression of both IL-4 
and IL-5 BAL levels. On the other hand, blockade of B7-1 did not 
inhibit Ag-induced increases in either IL-4 or IL-5 levels This 
effect was also not mediated via increases in IFN-y as no increases 
in IFN-y levels were observed following anti-B7-l treatment of 
OVA-sensitized animals in our study. These results suggest that 
the partial inhibitory effect of anti-B7-l is due to non-IL-5 medi- 
ated processes, which contribute specifically to recruitment of eo- 
sinophils into tissues such as the production of RANTES and/or 
eotaxin (39, 40). 

As blockade of B7-2 2 wk after the initial sensitization was 
effective at suppressing the development of this type 2 immune 



• response, our results su^^hat B7 costimulatory molecules are 
, required for the activation of T cells during this secondary re- 
sponse. Previous in vitro (41) and in vivo (22, 42) studies have 
suggested that B7 costimulatory molecules may not be required for 
effector and memory T cell activation and cytokine production 
Our results suggest that B7-2 molecules play a pivotal role in trig- 
gering of the Th2 challenge immune response in this murine model 
of allergy, suggesting that costimulatory signals may be important 
at these later stages of T cell differentiation. Consistent with this 
hypothesis, Finck et al. (19) has recently shown that CTLA4Ig 
administration can markedly ameliorate disease severity in a mu- 
rine model of lupus, if administered subsequent to the development 
of disease. Although this effect may also be attributed to the inhi- 
bition of newly recruited T cells during this chronic disease, it is 
unlikely that, this is the case in our allergy model, given the acute 
effect, within 96 h, of blocking B7-2 interactions. 

Consistent with our findings, the importance of B7-2 in the dif- 
ferentiation of Th2 cells has also been recently demonstrated in an 
m vivo model of experimental allergic encephalomyelitis (23). In 
this model, Tht cytokine-producing cells are associated with the 
disease phenotype. Anti-B7-1 treatment (resulting in Th2 cell ex- 
pansion) ameliorated the disease, whereas anti-B7-2 exacerbated 
the disease, presumably resulting in the expansion of Thl cells. In 
contrast, type 2 immune responses in response to infection with the 
nematode parasite, Helipmosomoides poly gyrus, require both B7- 1 
; and B7-2 costimulation, as blockade of both B7-1 and B7-2 was 
required to inhibit polygyrus-induced type 2 immune responses 
such as increases in serum IgGl and IgE levels, the expansion of 
lymph node germinal centers, elevated blood eosinophils, and in- 
creased mucosal mast cells (43). These studies indicate mat either 
B7-1 or B7-2 ligand interactions can provide the required costimu- 
latory signals that lead to T cell effector function during a type 2 
in vivo immune response. Thus it is clear that the requirements for 
costimulatory molecules during immune responses are quite com- 
plex and are likely to depend on a number of factors unique to each 
specific type of immune response. 

The distinct requirements for B7-2 costimulation observed in 
this model are likely due to differential expression of B7-1 and 
B7-2, as other investigators have recently shown that both lung 
macrophages (37) and lung B cells (35) express predominantly 
B7-2 following inhalational exposure to OVA of mice of two dif- 
ferent genetic backgrounds. One possible explanation for this dif- 
ferential expression of B7 molecules is that previous studies have 
indicated that there are clear differences in the kinetics of expres- 
sion of B7-1 and B7-2 during an immune response (44, 45). B7-2 
is constitutively expressed on monocytes and rapidly up-regulated 
on B cells and dendritic cells following activation. In contrast, 
B7-1 expression is up-regulated later during activation of the im- 
mune response on each cell type. However, in the studies de- 
scribed above, B7 expression was examined several weeks after 
the initial sensitization, which should have been sufficient time for 
B7-1 expression to be up-regulated. However, as we have previ- 
ously shown in a similar model that systemic sensitization alone is 
not sufficient to elicit allergic responses in the lung, the time fol- 
lowing local lung challenge with the immunogen may be more 
critical (8). Alternatively, either the nature of the immunogen, the 
route of exposure and/or the dose of the immunogen may influence 
not only the type of immune response but the degree of costimu- 
lation required (46, 47). 

In summary, our studies provide compelling evidence that the 
development of Th2 cytokine patterns and subsequent develop- 
ment of allergic airway responses to inhaled Ag challenge requires 
B7-2 costimulation. As a predominant Th2 cytokine pattern has 
been observed in human asthmatics (1-3), these studies suggest 
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that blockade of B7-2 may provide a novel therapeutic approach to 
the treatment of allergic airway disorders. 

References 

1. Robinson, D. S., Q. Hamid, S. Ying, A. Tsicopoulos, J. Barkans, A. Bentley, 
C. Corrigan, S. Durham, and B. Kay. 1992. Predominant Th2-like bronchoalveo- 
lar T-lymphocyte population in atopic asthma. N. Engl. J. Med. 326:298. 

2. Walker, C, E. Bode, L. Boer, T. Hansel, K. Blaser, and J. Johann-Christian Virchow. 
1992. Allergic and nonallergic asthmatics have distinct patterns of T-cell activation 
and cytokine production in peripheral blood and bronchoalveolar lavage. Am. Rev. 
Respir. Dis. 146:109. 

3. Del Prete, G. F„ M. De Carli, M. M. D'Elios, P. Maestrelli, M. Ricci, L. Fabbri, 
and S. Romagnini. 1993. Allergen exposure induces the activation of allergen- 
specific Th2 cells in the airway mucosa of patients with allergic respiratory dis- 
orders. Eur. J. Immunol. 23:1445. 

4. Wang, J. M., A. Rambaldi, A. Biondi, Z. G. Chen, C. J. Sanderson, and 
A. Montovani. 1989. Recombinant human interleukin-5 is a selective eosinophil 
chemoattractant. Eur. J. Immunol. 19:701. 

5. Lopez, A. F., C. J. Sanderson, J. R. Gamble, H. R. Campbell, I. G. Young, and 
M. A. Vadas. 1988. Recombinant human interleukin-5 is a selective activator of 
human eosinophil function. J. Exp. Med. 167:219. 

6. Yamaguchi, Y., T. Suda, S. Ohta, K. Tominaga, Y. Miura, and T. Kasahara. 1991. 
Analysis of the survival of mature human eosinophils: interleukin-5 prevents 
apoptosis in mature eosinophils. Blood 78:2542. 

7. Finkelman, F. D., I. M. Katona, J. F. Urban, Jr., J. Holmes, J. Ohara, A. S. Tung, 
J. G. Sample, and W. E. Paul. 1988. Interleukin-4 is required to generate and 
sustain in vivo IgE responses. J. Immunol. 141:2335. 

8. Gavett, S. H., X. Chen, F. Finkleman, and M. Wills-Karp. 1994. Depletion of 
murine CD4 + T lymphocytes prevents antigen-induced airway hyperreactivity 
and pulmonary eosinophilia. Am. J. Respir. Cell Mot. Biol. 10:587. 

9. Gavett, S. H., D. J. O'Heam, X. Li, S.-K. Hpang, F. D. Finkelman, and 
M. Wills-Karp. 1995. Interleukin 12 inhibits antigen-induced airway hyperrespon- 
siveness, inflammation, and Th2 cytokine expression in mice. /. Exp. Med. 182: 1527: 

10. Schwartz, R. H. 1992. Costimulation of T lymphocytes: the role of CD28, CTLAA 
and B7/BB1 in interleukin-2 production and immunotherapy. Cell 71:1065. 

11. Harding, F. A., J. G. McArthur, J. A. Gross, D. H. Raulet, and J. P. Allison. 1992. 
CD28-mediated signaling co-stimulates murine T cells and prevents induction of 
anergy in T-cell clones. Nature 356:607. 

12. Bluestone, J. A. 1995. New perspectives of CD28-B7-mediated T cell costimu- 
lation. Immunity 2:555. 

13. June, C. H., J. A. Bluestone, L. M. Nadler, and C. B. Thompson. 1994. The B7 
and CD28 receptor families. Immunol. Today 15:321. 

14. Wallace, P. M., J. S. Johnson, J. F. MacMaster, K. A. Kennedy, P. Gladstone, and 
P. S. Linsley. 1994. CTLA-4Ig treatment ameliorates the lethality of murine 
graft-versus host disease across major histocompatibility complex barriers. 
Transplantation 58:602. 

15. Tan, P., C. Anasetti, J. A. Hansen, J. Melrose, M. Brunvard, K. Bradshaw, 
J. A. Ledbetter, and P. S. Linsley. 1993. Induction of alloantigen-specific unre- 
sponsiveness in human T lymphocytes by blocking interaction of CD28 with its 
natural ligand B7/BB1. J. Exp. Med. 177:165. 

16. Boussiotis, V. A., G. J. Freeman, G. Gray, J. G. Gribben, and L. M. Nadler. 1993. 
B7 but not intracellular adhesion molecule- 1 costimulation prevents the induction 
of human alloantigen-specific tolerance. J. Exp. Med. 178:1753. 

17. Linsley, P. S., P. M. Wallace, J. Johnson, M. G. Gibson, J. L. Greene, 
J. A. Ledbetter, C. Singh, and M. A. Tepper. 1992. Immunosuppression in vivo 
by a soluble form of the CTLA4 T cell activation molecule. Science 257:792. 

18. Lenschow, D. J., Y. Zeng, J. R. Thistlethwaite, A. Montag, W. Brady, 
M. G. Gibson, P. S. Linsley, and J. A. Bluestone. 1992.- Long-term survival of 
xenogeneic pancreatic islet grafts induced by CTLA-4Ig. Science 257:789. 

19. Finck, B. K., P. S. Linsley, and D. Wofsy. 1994. Treatment of murine lupus with 
CTLA-4Ig. Science 265:1225. 

20. Lu„ P., X. Di Zhou, S. J. Chen, M. Moorman, S. C. Morris, F. D. Finkelman, 
P. Linsley, J. F. Urban, and W. C. Gause. 1994. CTLA-4 ligands are required to 
induce an in vivo interleukin 4 response to a gastrointestinal nematode parasite. 
J. Exp. Med. 180:693. 

21. Corry, D. B., S. L. Reiner, P. S. Linsley, and R. M. Locksley. 1994. Differential 
effects of blockade of CD28-B7 on the development of Th 1 or Th2 effector cells 
in experimental leishmaniasis. /. Immunol. 153:4142. 

22. Lu, P., X. Di Zhou, S. Chen, M. Moorman, A. Schoneveld, S. Morris, 
F. D. Finkelman, P. Linsley, E. Claassen, W. C. Gause. 1995. Requirement for 
CTLA-4 counter receptors for H-4, but not IL-10 elevations during a primary 
systemic in vivo immune response. /. Immunol. 154:1078. 

23. Kuchroo, V. K., M. P. Das, J. A. Brown, A. M. Ranger, S. C. Zamvil, R. A. Sobel, 
H. L. Weiner, N. Nabavi, and L. H. Glimcher. 1995. B7- 1 and B7-2 costimulatory 
molecules activate differentially the Thl/Th2 developmental pathways: applica- 
tion to autoimmune disease therapy. Cell 80:707. 

24. Freeman. G. J., V. A. Boussiotis, A. Anumanthan, G. M. Bernstein, X. Ke, 
P. D.'Rennert, G. S. Gray, J. G. Gtibben, and L. M. Nadler. 1995. B7-1 and B7-2 



do not deliver identical costimulatory signals, since B7-2 but not B7- 1 preferen- 
tially costimulates the initial production of IL-4. Immunity 2:523. 

25. Natesan, M„ Z. Razi-Wolf, and H. Reiser. 1996. Costimulation of DL-4 produc- 
tion by murine B7-1 and B7-2 molecules. J. Immunol. 156:2783. 

26. Levine, B. L., Y. Ueda. N. Craighead, M. L. Huang, and C. H. June. 1995. CD28 
ligands CD80 (B7-1) and CD86 (B7-2) induced long-term autocrine growth of 
CD4 + T cell and induce similar patterns of cytokine secretion in vitro. Int. Im- 
munol. 7:891. 

27. Hathcock, K. S., G. Laszlo, H. B. Dickler, J. Bradshaw, P. Linsley, and 
R. J. Hodes. 1993. Identification of an alternative CTLA-4 ligand costimulatory 
for T cell activation. Science 262:905. 

28. Razi-Wolf, Z., F. Calvin, G. Gary, and H. Reiser. 1993. Evidence for an additional 
ligand, distinct from B7, for the CTLA-4 receptor. Proc. Natl. Acad. Sci. USA 
90:11182. 

29. Lu, P., J. F. Urban, X. Chou, S. Chen, S. C. Morris, F. D. Finkelman, and 
W. C. Gause. 1996. CD40-mediated costimulation contributes to lymphocyte 
proliferation, antibody production, eosinophilia, and mastocytosis during an in 
vivo type 2 response, but is not required for T cell IL-4 production. /. Immunol. 
156:3327. 

30. Svetic, A., F. D. Finkelman, Y. C. Jian, C. W. Dieffenbach, D. E. Scott, 
K. F. McCarthy, A. D. Steinberg, and W. C. Gause. 1991. Cytokine gene ex- 
pression after in vivo primary immunization with goat antibody to mouse IgD 
antibody. J. Immunol. 147:2391. 

31. Gavett, S. H., D. O'Heam, C. L. Karp, B. Schofield, F. D. Finkelman, and 
M. Wills-Karp. 1997. Blockade of the interleukin-4 receptor prevents pulmonary 
eosinophilia and airway hyperresponsiveness induced by antigen challenge in 
mice. Am. J. Physiol. 272:1253. 

32. Lukacs, N. W., R. M. Strieter, S. W. Chensue, and S. L. Kunkel. 1994. Inter- 
leukin-4-dependent pulmonary eosinophil infiltration in a murine model of 
asthma. Am. J. Respir. Cell Mol. Biol. 10:526. 

33. Foster, P. S., S. P. Hogan, A. J. Ramsay, K. I. Matthaei, and I. G. Young. 1996. 
Interleukin 5 deficiency abolishes eosinophilia, airways hyperreactivity, and lung 
damage in a mouse model of asthma. J. Exp. Med. 183:195. 

34. Keane-Myers, A., P. S. Linsley, S. Chen, W. C. Gause, and M. Wills-Karp. 1997. 
B7-CD28/CTLA-4 costimulatory pathways are required for the development of 
Th2-mediated allergic airway responses to inhaled antigens. J. Immunol. 
158:2042. 

35. Tsuyuki, S., J. Tsuyuki, K. Einsle, M. Kopf, and A. J. Coyle. 1997. Costimulation 
through B7-2 (CD86) is required for the induction of a lung mucosal T helper cell 2 
(TH2) immune response and altered airway responsiveness. J. Exp. Med 185:1671. 

36. Krinzman, S. J., G. T. De Sanctis, M. Cernadas, D. Mark, Y. Wang, J. Listman, 
L. Kobzik, C. Donovan, K. Nassr, I. Katona, D. C. Christiani, D. L. Perkins, and 
P. W. Finn. 1996. Inhibition of T cell costimulation abrogates airway hyperre- 
sponsiveness in a murine model. J. Clin. Invest. 98:2693. 

37. Harris, N., R. Peach, J. Naemura, P. S. Linsley, G. Le Gros, and F. Ronchese. 
1997. CD80 costimulation is essential for the induction of airway eosinophilia. 
J. Exp. Med. 185:177. 

38. Chvatchko, Y., M. H. Kosco-Vilbois, S. Herren, J. Lefort, and J. Bonnefoy. 1996. 
Germinal center formation and local immunoglobulin E (IgE) production in the 
lung after an airway antigenic challenge. J. Exp. Med. 184:2353. 

39. Rot, A., M. Krieger, T. Brunner, S. C. Bischoff, T. J. Schall, and C. A. Dahinden. 
1992. RANTES and macrophage inflammatory protein 1 alpha induce the migration 
and activation of normal human eosinophil granulocytes. J. Exp. Med. 176:1489. 

40. Jose, P. J., I. M. Adcock, D. A. Griffiths- Johnson, N. Berkman, T. N. C. Wells, 
T. J. Williams, and C. A. Power. 1994. Eostaxin: cloning of an eosinophil che- 
moattractant cytokine and increased mRNA expression in allergen-challenged 
guinea-pig lungs. Biochem. Biophys. Res. Commun. 205:788. 

41 . Dubey, C, M. Croft, and S. L. Swain. 1996. Naive and effector CD4 T cells differ in 
their requirements for T cell receptor versus costimulatory signals. J. Immunol. 
157:3280. 

42. Gause, W. C, P. Lu, X. Di Zhou, S. Chen, K. B. Madden, S. C. Morris, 
P. S. Linsley, F. D. Finkelman, and J. F. Urban. 1996. H. polygyrus: B7 inde- 
pendence of the secondary type 2 response. Exp. Parasitol. 84:264. 

43. Greenwald, R. J., P. Lu, M. J. Halvorson, X. Zhou, S. Chen, K. B. Madden, 
P. J. Perrin, S. C. Morris, F. D. Finkelman, R. Peach, P. S. Linsley, J. F. Urban, 
Jr., and W. C. Gause. 1997. Effects of blocking B7-1 and B7-2 interactions during 
a type 2 in vivo immune response. J. Immunol. 158:4088. 

44. Boussiotis, V. A., G. J. Freeman, J. G. Gribben, J. Daley, G. Gray, and 
L. M. Nadler. 1993, Activated human B lymphocytes express three CTLA4 bind- 
ing counter-receptors which costimulate T cell activation: Proc. Nad. Acad. Sci. 
USA 90:11059. 

45. Freeman, G. J., J. G. Gribben, V. A. Boussiotis, J. W. Ng, V. Restivo, 
L. Lombard, G. S. Gray, and L. M. Nadler. 1993. Cloning of B7-2: a CTLA4 
counter-receptor that costimulates human T cell proliferation. Science 262:909. 

46. Lenschow, D. J., T. L. Walunas, and J. A. Bluestone. 1996. CD28/B7 system of 
T cell costimulation. Annu. Rev. Immunol. 14:233. 

47. Gause, W. C, M. J. Halvorson, P. Lu, R. Greenwald, P. Linsley, J. F. Urban, and 
. F. D. Finkelman. 1997. The function of costimulatory molecules and the devel- 
opment of IL-4-producing T cells. Immunol. Today 18:115. 



Bniv. of Minn: 



NO 25 99 



CD28 Interactions with Either CD80 or CD86 Are Sufficient to Induce 
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Previous studies have shown that the pan CD28/cytotoxic T lymphocyte antigen (CTL)A-4 antaoomst 
CTLA4 ^mmunoglobulin (Ig) inhibits eosinophil airway inflammation in Schistosoma rnanson^i 

oTe TcZlfcnT miCe - In PieSent ^ ° f CD28 as we " - the n 1 

roles of CD80 and CD86- were examined in this system using wild-type and CD28 knockout (KO) mice 

t^zZZ Tha^ ' C H 28KO miC£ , ^ Pr ° dUCe SyStCmiC IgE ° r e0S1 "°P hil,C airway inflamma 
tion after antigen challenge. However, a lymphocytic infiltrate and continued production of interferons 

rr en Se cS m 3nim f ThUS ' Ct>2S 1S £SSential f ° r the inkial of lymp oc^t mto 

antigen-challenged amvays but critically regulates the allergic T-hel P er 2 phenotype. We next determined 
by polymerase chain reaction and flow cytometry that CD80 and CD86 Lee Z are constitut™ x 
pressed in the naive murine lung and on eosinophils in the allergic lung, suggesting a potential important 
ole for both hgands m the development of asthma. Combined anti-CD80/anS C D86 Jatment tZC 

waTSlll f nSe T° d H Ully b J°r deVeI ° Pment ° f all£rglC airW3yS ' Whereas a Partial S 
Cnsfh TV Wlth £Ither ami - CD8 ° ° r antl " CD86 antibod y alone - However, only anti- 

CD86 blocked systemic IgE production. Therefore, signaling through either CD80 or CD86 is sufficient to 

^zcit? a iT rgic ?t whereas cd86 costimuiati ° n is - -duce s^r a r 

gic (IgE) reactions. Finally, combined anti-B7 monoclonal antibody treatment after sensitization reduced 
airway eosinophilia and mterleukin (IL)-4/IL-5 cytokine secretion consistent with an ongoing ot for 
7*7 * m effeCt0r PhaS£ ° f th£ diSeaSe " TheSC results em P hasize *e i-Portance of d7f- 

mune e e t ""T T" T ^ ^ " 0n subse ^ nt CD28/B?-mediated im- 

mune events including the potential for CD28/B7 blockade in the treatment of atopic airway disease in 
peopl. Ma hur, M K. Herrmann, Y. Qin, F. Gulmen, X. Li, R. Krimins, J. WeinstoIk, D Elliott 
Lt 7 ' R - P fl adrid - 19 "- CD28 interacti <™ with either CD80 or CD86 are sufficT nt to 
induce allergic airway inflammation in mice. Am. J. Respir. Cell Mol. Biol. 21-498-509 



Atopic asthma is a disorder characterized clinically by 
spontaneous airflow limitation and nonspecific airway hy- 
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perresponsiveness. The mechanism(s) that underlie these 
pathologic clinical findings includes airway inflammation 
with eosinophilic infiltration of airway epithelium and sub- 
mucosa (1). The generation of eosinophilic airway inflamma- 
tion appears to be dependent on cytokine signals delivered 
by activated T lymphocytes (2-4). It has been established that 
full activation of T lymphocytes to direct the activation and 
migration of airway eosinophils requires two signals. The 
first signal occurs following the interaction of polymorphic 
T-cell receptors with the major histocompatibility complex 
peptide complex on potent antigen-presenting cells (APCs). 
including B cells, macrophages, and dendritic cells. This en- 
gagement initiates a cascade of biochemical signals to ini- 
tiate the transcription of important effector proteins such 
as interleukin (IL)-2 and inflammatory cytokines such as 
interferon (IFN)--y, and the development of cytolytic ef- 
fector molecules. Complete T-cell activation and differen- 
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tiation, however, requires a second, noncognate set of in- 
teractions, the so-called costimulatory stimulus. The best- 
studied costimulatory stimulus involves the CD28/B7 fam- 
ily of molecules. CD28 is a cell-surface glycoprotein ho- 
modimer expressed on the majority of functional T cells. 
Both CD28 and the homologous family member cytotoxic 
T lymphocyte antigen (CTLA)-4 bind to the same B7 fam- 
ily of coreceptors, of which there are at least two members, 
CD80 and CD86 (5). These B7 molecules are differentially 
expressed on distinct tissues, have different requirements 
for induction, and exist in multiple forms with varying af- 
finities for the CD28 and CTLA-4 receptors. Previous 
studies have shown that CD28 ligation regulates cell-cycle 
progression, cell survival, and cytokine and chemokine 
production (5). 

Recently, treatment of mice with a soluble CD28/ 
CTLA-4 antagonist, CTLA4 immunoglobulin (Ig) (a chi- 
meric fusion protein consisting of the extracellular domain 
of CTLA-4 and the hinge, CH2, and CH3 regions of IgG), 
has been shown to inhibit the development of pathologic 
changes in airway structure and function in a number of 
murine models of asthma (6-9). We ha^ve shown that ad- 
ministration of CTLA4Ig after primary immunization with 
Schistosoma mansoni antigen can cause immune deviation 
from a primarily T-helper (Th)2-like response toward a 
primarily Thl-like response (8). Because CTLA4Ig inhib- 
its the interaction of both CD28 and CTLA-4 to both 
CD80 and CD86, the functionally relevant interaction 
(i.e., CD28 or CTLA-4) and the specific roles of individual 
B7 molecules in the induction of T lymphocyte-mediated 
asthmatic airway inflammation remain unclear. In particu- 
lar, the importance of CD28 in generating lymphocyte ef- 
fector functions has recently been challenged by studies in 
CD28 "knockout" (KO) mice that are nevertheless capa- 
ble of rejecting transplanted cardiac allografts in a T cell- 
specific manner (10, 11). Additionally, a number of cell 
types within the allergic lung can express B7 molecules, in- 
cluding T and B lymphocytes, macrophages, dendritic 
cells, epithelial cells, and eosinophils. However, it is not 
clear whether one or a combination of these cells plays a 
dominant role in B7 presentation in the allergic lung. An 
independent role for CD28/CD80 or CD28/CD86 ligation 
in generating the allergic airway phenotype has not been 
conclusively demonstrated. In the present study, we com- 
pared the effect of S. mansoni sensitization and challenge 
in wild-type mice, CD28KO mice, and mice treated with 
monoclonal antibodies (mAbs) to CD80 and CD86 during 
the entire antigen sensitization and challenge period or 
only during the period of antigen challenge. These studies 
suggest that CD28, not CTLA-4, is the essential B7 recep- 
tor for the induction and progression of Th2-mediated al- 
lergic airway inflammation in this murine model. More- 
over, unlike peripheral T-cell responses, including those 
that control IgE production and graft rejection, CD80 and 
CD86 ligation provides equivalent critical costimulatory 
signals in response to the allergen. These results are con- 
sistent with the constitutive expression and kinetics of ex- 
pression of CD80 and CD86 locally within lung in this 
animal model. This may be due to continued antigen stim- 
ulation in this tissue, including preferential expression of 
CD80 on eosinophils, a cell type that does not play a role 



in presentation of costimulatory molecules in nonallergic 
tissues. Finally, the ability of the combination of anti- 
CD80 and anti-CD86 mAb treatment to diminish allergic 
airway disease in mice after antigen sensitization suggests 
a potential therapeutic role for this treatment in humans 
with atopic asthma. 



Materials and Methods 
Animals 

Female C57BL/6 (B6) mice (6 to 10 wk old) were pur- 
chased from Harlan Sprague-Dawley and housed in a spe- 
cific pathogen-free facility maintained by the University 
of Chicago Animal Resources Center. CD28-deficient (CD- 
28KO) mice were generated as previously described (12) and 
were bred onto a B6 background. The studies reported here 
conform to the principles outlined by the Animal Welfare 
Act and the National Institutes of Health guidelines for the 
care and use of animals in biomedical research. 



Antibodies 

Hamster-antimouse CD80 (13) and rat-antimouse CD86 
(14) antibodies were produced at the University of Chi- 
cago in a high-density bioreactor (Endotronics Corp., 
Coons River, MN). Antibodies were purified as previously 
described (14, 15). Both antibodies were analyzed for bind- 
ing specificity based on staining of CD80 and CD86 trans- 
fectants, respectively. As described later, mice were injected 
with either or both mAbs (50 |xg/mouse, intraperitoneally) 
every other day beginning on Day 0 and throughout the 
treatment period. Control animals were treated with the 
relevant isotype control Ig (hamster or rat IgG; Southern 
Biotech, Birmingham, AL). Mouse CTLA4Ig was a gener- 
ous gift from Genetics Institute (Cambridge, MA). CTLA4Ig 
was administered to a subset of CD28KO mice (50 u.g/ 
mouse, intraperitoneally) every other day beginning on 
Day 0 and throughout the treatment period. Anti-CD3 
(145-2C11) was produced as previously described (16) and 
purified by passage over a protein A-coupled sepharose 
column. Anti-CD25, CD44, CD45, CD69, B220, and Thyl.2 
used in fluorescence-activated cell sorter (FAGS) analyses 
were obtained from PharMingen (San Diego, CA). 

S. mansoni Eggs and Antigen 

S. mansoni eggs- were isolated and purified and soluble egg 
antigen (SEA) was produced as previously described (17). 
Eggs were stored at -70°C in 1.7% saline before use. 



Antigen Sensitization and Challenge 

Two protocols were used in the following studies. In the 
first protocol, mice were immunized intraperitoneally with 
5,000 isolated S. mansoni eggs at on Day 0. On Days 7 and 
14 mice received 10 u,g of SEA intranasally and intratra- 
cheally, respectively. Control animals were sensitized and 
challenged in the same manner with saline instead of eggs 
and SEA. Animals were killed 4 d after the intratracheal 
injection of SEA. 
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Protocol #7 

DayO 7 14 18 



Eggs (intraperitoneal^) SEA (nostril) SEA (trachea) Death 

As previously described, this protocol consistently and re- 
liably induces maximal airway tissue eosinophilia, airway hy- 
perresponsiveness to methacholine, and secretion of repro- 
ducible amounts of IL-5 into bronchoalveolar lavage fluid 
(BALF) (8). However, utilization of two airway challenges in 
Protocol #1 made it more difficult to evaluate the effect(s) of 
anti-B7 treatment in systemically sensitized mice before local 
antigen challenge. Therefore, Protocol #1 was modified so 
that airway inflammation was induced following only a single 
airway antigen challenge. In this second protocol, 5,000 eggs 
were injected intraperitoneally at Day 0 and 10 |xg of SEA 
was injected intratracheal^ at Day 7. Control animals were 
sensitized and challenged in the same way with saline instead 
of eggs and SEA. Animals were killed 3 d after the intratra- 
cheal injection of SEA. 

Protocol #2 

DayO 7 10 

I , J 

Eggs (intraperitoneally) SEA (trachea) Death 

Instrumentation 

Mice were anesthetized by intraperitoneal injection of ket- 
amine HC1 and xylazine HC1. The trachea was cannulated 
with a 20-gauge, 1-cm metal needle, and the jugular vein 
was cannulated with P-10 tubing. 

BAL 

BAL was performed by injecting 0.8 ml of ice-cold phos- 
phate-buffered saline (PBS) through the tracheal cannula 
and following it with gentle aspiration. This procedure was 
repeated three additional times. Fluids from all four lavages 
were pooled for maximum cell recovery. Cells were stained 
with trypan blue to determine viability, and total nucleated 
cells counts were determined using a Neubauer hemocy- 
tometer. Cytocentrifuge preparations were made using a cy- 
tocentrifuge (Shandon Southern Instruments, Sewickley, 
PA) set for 700 X g for 5 min. Cytospin slides were fixed 
and stained using Diff-Quik (American Scientific Products, 
McGaw Park, IL). Differential cell counts were determined 
by counting a minimum of 300 cells/slide, using standard 
morphologic criteria. Whole blood was withdrawn from the 
jugular catheter for determination of IgE. 

Isolation and Stimulation of Lung Lymphocytes 
Lungs from individual mice were digested for approxi- 
mately 1 h in a buffer solution containing 850 U/ml hyalu- 
ronidase, 500 U/ml DNase I, and 1 mg/ml collagenase. Un- 
digested tissue was allowed to settle and the resulting slurry 
was passed through a 55-u.m Nytex filter. Erythrocytes were 
lysed and the remaining cells were washed three times in 
RPMI 1640 with 10% fetal calf serum (FCS). These washed 
cells were subsequently overlaid onto a Percoll gradient (50 
to 70%). Cells within the 50 to 70% interface were aspi- 



rated and washed in complete media. An aliquot, of these 
cells was subsequently stained with an anti-CD3 (145-2C11) 
mAb and analyzed by FACS to determine relative and ab- 
solute numbers of lymphocytes. 

Proliferation Assay 

T cells were separated from whole lung homogenates har - 
vested from sensitized and challenged (SCH) CD28KO mice 
(including a group treated with CTLA4Ig) using magnetic 
cell sorting techniques (MACS; Miltenyi Corp., Gladbach, 
Germany). Cells were cultured in 96-well flat-bottomed 
plates coated with anti-CD3 (145-2C11, 1.0 |xg/ml) or SEA 
(10 H-g/ml) using 2 X 10 5 cells/well plus an equal number of 
irradiated spleen cells (final concentration: 2 X 10 6 cells/ml) 
in Dulbecco's modified Eagle's medium containing 10% 
FCS, 2 mM glutamine, penicillin (100 U/ml), streptomycin 
sulfate (100 (xg/ml), and gentamicin sulfate (5 u.g/ml) at 37°C 
in 5% C0 2 . Cells were pulsed 18 h before harvest with 1 |xCi 
(methyI-[ 3 H]thymidine) (37 kBq; DuPont, Boston, MA) per 
well. The cells were harvested onto filters and the radioac- 
tivity on the dried filters was measured in a liquid scintilla- 
tion counter. Incorporation during the last 18 h of culture 
(counts per minute) was used as an index of prolifera tion. 

Reverse Transcriptase/Polymerase Chain Reaction 
Detection of CD80 and CD86 Messenger RNA 
Expression in Murine Lung Tissue 

Many cells within murine lungs can potentially process 
and/or present antigen, including "professional" APCs (B 
cells, alveolar macrophages, dendritic cells) and nontradi- 
tional APCs (epithelial cells, eosinophils). Importantly, it 
has not yet been determined which one or what combina- 
tion of these APCs plays a dominant role in T-lymphocyte 
activation in human asthma or in mouse models of asthma. 
.Therefore, we evaluated the relative expression of mes- 
senger RNA (mRNA) for both CD80 and CD86 from all 
collagenase-digested lung cells at baseline, after sensitiza- 
tion but before challenge and at 12, 24, 48, and 72 h after 
SEA challenge in sensitized mice. Total RNA was isolated 
from 100 mg lung tissue from naive and sensitized mice us- 
ing standard methodology (RNA "STAT-60" reagent; 
Tel-Test Inc., Friendswood, TX). RNA was treated with 
DNase I as follows: 50 |xg RNA, 3 (J 10X DNase I diges- 
tion buffer, and 3 |xl DNase I (1 U/u.1; GIBCO BRL, 
Grand Island, NY), with diethylpyrocarbonate H 2 0 to a 
total volume of 30 |jd, incubated at room temperature for 
10 min. The reaction was stopped by adding 3 |xl 0.5 mM 
ethylenediaminetetraacetic acid, followed by a 10-min in- 
cubation at 65°C. Samples were purified by phenol:chloro- 
form:isoamyl alcohol extraction. 

A total of 1 u,g of RNA from each of the time points 
was transcribed by using 1 |xg of MuLV Reverse Tran- 
scriptase in a total volume of 20 |xl at 42°C for 15 min, fol- 
lowed by polymerase chain reaction (PCR) amplification. 
PCR reaction conditions were as follows: 94°C/15 s, 57°C/ 
15 s, and 72°C/30 s, followed by a final extension step at 
72°C/7 min. 

The primers used in PCR were 3-actin: 5' primer 5'- 
ACCAGGGTGTGATGGTGGGAATGGG-3', 3' primer 
5'-TTGCTGATCCACATCTGCTGGAAGG-3'; CD80: 
5' primer 5 '-TGCTGTCTGTCATTGCTGGG AAACT-3' . 
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3' primer 5'-CCCAGGTGAAGTCCTCTGACACGTG- 
3'; and CD86: 5' primer 5'-TCCAGAACTTACGGAAG- 
CACCCACG-3', 3' primer 5'-CAGGTTCACTGAAGT- 
TGGCGATCAC-3'. 

A total of 15 u.1 of each PCR product was electrophore- 
sed on a 2% agarose gei without loading buffer. The gel 
was then stained in ethidium bromide media for 20 min, 
soaked in distilled H 2 0 for 10 min, and photographed with 
a Kodak DC120 digital camera under ultraviolet light. The 
digital images were analyzed with Kodak Digital Science 
ID image analysis software (Kodak, Rochester, NY) and 
the net intensity of each band was determined. The rela- 
tive intensity of |3-actin complementary DNA was de- 
tected as a positive control for each mRNA sample. 

Surface Expression of B7 Molecules on Lung Cells 

Cell-surface expression of CD80 and CD86 on collage- 
nase-digested murine lung cells at equivalent time points 
was determined as described for mRNA studies. Cells 
were washed with standard FACS buffer (PBS, 0.1% so- 
dium azide, and 0.5% bovine serum albumin, pH 7) and 
incubated with mAbs specific for CD80<or CD86 (1:160 di- 
lution for both mAbs) at a final concentration of 10 5 cells/ 
well. Propidium iodide staining was performed to exclude""" 
dead cells from analysis. A total of 5 to 10 X 10 3 cells was 
analyzed for each monoclonal antibody using Lysis II soft- 
ware. Discrete cell populations identified in scatter plots 
were sorted, cytocentrifuged, and deposited on glass slides 
(Shandon Southern Instruments), stained with Diff-Quik 
or Wright stain, and identified based on typical morpho- 
logic criteria and staining characteristics. Eosinophils were 




Figure 1. CD28/B7 interactions are required to generate eosino- 
phil inflammation in S. mansoni-senshized and airway-chal- 
lenged mice. BAL was performed through a previously placed 
endotracheal tube. Four 0.8-mI aliquots of normal saline were 
; , infused, gently aspirated, and pooled. No eosinophils were re- 
.-. covered in BALF from the control group. Antigen challenge-in 
; S. ma/wow-sensitized mice (SCH) resulted in dramatic BAL eo- 
. sinophilia (807 ± 145 eos/u.1 BALF), which was profoundly inhib- 
ited in CD28KO mice (75 ± 29 eos/u,l BALF, P < 0.005 versus 
SCH) or wild-type mice treated with anti-CD80 and anti-CD86 
mAbs (DAB; 5 ± 2 eos/uj BALF, P < 0.001 versus SCH) begin- 
ning at antigen sensitization. Treatment with either anti-CD80 or 
anti-CD86 reduced BAL eosinophilia by 60% (P < 0.05 versus 
SCH for anti-CD80 or anti-B72). Bars represent the mean and 
SE of each group. 



specifically identified on the basis of the presence of dis- 
crete eosin-positive stained granules. 

Enzyme-Linked Immunosorbent Assay for Determination 
of IL-4, IL-5, IFN-7, and IgE 

Cytokines in BALF (IL-4, IL-5, and IFN- 7 ) and IgE in se- 
rum were detected by commercially available enzyme- 
linked immunosorbent assay (ELISA) kits (IFN-7 and 
IL-4: Endogen, Cambridge, MA; IL-5 and IgE: PharMin- 
gen). The lower limits of detection for IL-4, IL-5, IFN-y, 
and IgE were 10, 10, and 160 pg/ml, and 167 ng/ml,' respec- 
tively. 

Histology 

Lungs from mice randomly chosen from all groups were 
removed from the chest cavity and fixed by injection of 
10% buffered formalin (1.0 ml) into the tracheal cannula 
at a pressure of 20 cm H 2 0, and immersed in formalin for 
24 h. All lobes were sectioned sagittally, embedded in par- 
affin, cut into 5-p.m sections, and stained with hematoxylin 
and eosin (H&E) for routine analysis. 

Statistical Methods 

Differences between groups for BAL eosinophils, cyto- 
kine content in BALF and lung lymphocyte culture super- 
natant, and IgE were determined by analysis of variance. 
Statistical analyses for all tests were performed using a sin- 
gle value for each animal. All data are expressed as means ± 
standard error (SE). The number of animals per group was 
determined by power analysis using the following parame- 
ters: a = 0.05, difference between groups = 50%, power = 
0.8 (18). F 




Figure 2. Anti-CD86 but not anti-CD80 treatment inhibits the 
systemic production of IgE. Serum was analyzed for IgE content 
by ELISA. IgE serum levels in SCH mice were increased almost 
6-fold compared with CONTROL values (2,074 ± 394 ng/ml serum 
SCH versus 399 ± 94 ng/ml serum CONTROL). This was virtu- 
ally abolished in CD28KO animals (92 ± 88 ng/ml serum, P < 
0.01 versus SCH). Treatment with anti-CD86 significantly inhib- 
ited IgE production (768 ± 150 ng/ml serum, P < 0.05 versus 
SCH), and was equivalent to the effect produced by combined 
antibody therapy (double antibody [DAB], 950 ± 179 ng/ml se- 
rum, P < 0.01 versus SCH). In contrast, anti-CD80 treatment had 
no effect (2,148 ± 553 ng/ml serum). 
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Results 

Effect of CD28 Gene Disruption on the Development of 
Atopic Airway Inflammation after S. mansoni 
Sensitization and Challenge 

We have previously shown that mice sensitized and chal- 
lenged with S. mansoni developed eosinophilic airway in- 
flammation and airway hyperresponsiveness, and a Th2-like 
pattern of cytokine secretion; increased 11,-5 and de- 
creased IFN-7 in BALF, and increased IL-4 secreted from 
cultured lung lymphocytes in vitro (8). Administration of' 
CTLA4Ig at a time of systemic antigen challenge prevented 
the development of the full allergic phenotype in this 
model, in part by causing immune deviation from a Th2- 
like cytokine response toward a Thl-like response. These 



earlier data, however, could not distinguish between the 
effects of CTLA4Ig in blocking CD28 versus CTLA-4 
interactions. Further, we considered the possibility that 
CTLA41g might act directly on APCs through binding and 
crosslinking the B7 molecules (19). Previous studies from 
our group have shown that T cells isolated from CD28KO 
mice demonstrate similar abnormalities in vitro as do T cells 
stimulated in the presence of CTLA4Ig. T-cell prolifera- 
tion, IL-2 production, and cell survival are diminished and, 
most significantly, Th2 responses are compromised (20)'.' 
Therefore, CD28KO mice were examined in this in vivo 
model of atopic airway disease. As seen in Figure 1, a large 
number of eosinophils were found in BALF from SCH 
mice (807 ± 145 eos/uJ BALF). In contrast, BAL eosino- 
phils in CD28KO mice (75 ± 29 eos/u.1 BALF, P < 0 005 




groups ^^^w^ -th S manson, Lungs fro m mice from all 

no.— 
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TABLE I 

Effect of CTLA4lg treatment on CD28KO mice sensitized and challenged with S. mansoni 





Wild-Type SCH 
(«=5) 


Wild-Type 
SCH + CTLA4Ig 
(n = 5) 


CD28KO Control 
(n = 3) 


CD28KO SCH 
(n - 6) 


CD28KO 
SCH + CTLA4[g 
(" - 6) 


- — : — — — — — 

Eosinophils, jo (BALF) 


83 ± 


1 


49 ± 13 


0 


17 ± 4 


15 ±6 


Total number of eosinophils (jxl BALF) 


331 ± 


115 


83 ± 38 


0 


9 ± 4 


9 ±4 


Lymphocytes, % (BALF) 






12 ± 5 


<5 


30 ± 6 


17 ± 3 


Total number of lymphocytes (|j,l BALF) 


28 ± 


6 


20 ± 6 


<2 


17 ±7 


10 ±3 


IL-4 (pg/ml BALF) 


17 ± 


1 


13 ± 1 


< 10 


< 10 


< 10 


IL-5 (pg/ml BALF) 


162 ± 


24 








< 10 


IFN-7 (ng/ml BALF) 


1.15 ± 


0.12 


0.61 ± 0.09 


0.64 


0.91 


0.83 


Serum IgE (ng/ml) 


3,447 ± 


387 


473 ± 158 


ND 


254 ± 21 


257 ± 34 


Proliferation (CPM; 2C11) 


ND 




ND 


ND 


14,588 ± 2,307 


13,129 ± 2,130 


Proliferation (CPM; SEA) 


ND 




ND 


ND 


8,495 ± 659 


9,801 ± 880 


(% cells) Thy 1.2+ CD25 + 


ND 




ND 


2.3 ± 0.2 


5.5 ± 0.8 


5.0 ± 0.2 


(% cells) Thy 1.2+ CD69 + 


ND 




ND 


3.6 ± 0.7 


6.2 ± 1.2 


4.8 ± 0.4 


(% cells) Thy 1.2+ CD44 + 


ND 




ND 


53.3 ± 1.9 


54.0 ± 1.8 


57.2 ± 2.9 



ND: not determined. 



versus wild type) was reduced by greater than 90%. Sys- 
temic IgE production was abolished in the CD28KO ani- 
mals as well (2,074 ± 394 ng/ml IgE wild type versus 92 ± 
88 ng/ml IgE for CD28KO, P < 0.001, Figure 2). However, 
the immune response was not totally ablated in these ani- 
mals because a prominent population of lymphocytes was 
observed in the BALF. Although the total number of lym- 
phocytes in BALF was not statistically significantly differ- 
ent, lymphocytes accounted for 30 ± 6% of all BAL cells 
in the CD28KO SCH group, compared with < 7% of BAL 
cells in isotype-treated CD28-KO or wild-type mice (P < 
0.05; Table 1). These findings were confirmed histologically 
(Figures 3A-3D). Airways from SCH mice had consistent 
pathologic changes in airway epithelium and submucosa. 
Specifically, eosinophilic infiltration within epithelium and 
lamina propria and goblet-cell hyperplasia were never seen 
in control airways (Figure 3A) but were observed in many 
airways from all SCH mice (Figure 3B). Eosinophilic infil- 
tration and mucus-cell hyperplasia were not seen in the 
CD28KO animals; however, there was a mild peribronchi- 
olar lymphocytic infiltrate (Figures 3D and 3E). Thus, al- 
though SCH induced CD28-deficient mice to generate a 
lymphocytic infiltrate, there were no additional abnormal 
airway changes, including epithelial derangement or in- 
creases in goblet cells or submucosal glands. 

The absence of eosinophils but presence of lympho- 
cytes in the CD28KO mice suggested a significant alter- 
ation of Thl/Th?. balance in these sensitized and chal- ■ 
lenged mice. To access the cytokine milieu directly, BALF 
was extracted and evaluated for the presence of IL-5 and 
IFN-7. The volume of recovered BALF was equivalent be-, 
tween groups and ranged from 2.5 to 2.8 ml. Unlike the 
BALF from control sensitized and challenged mice, the 
BALF from SCH CD28KO mice did not contain (Th2- 
derived) IL-5 in response to antigen challenge (159 ± 25 
pg/ml IL-5 BALF wild type versus < 10 pg/ml IL-5 BALF 
for CD28KO; Figure 4A). The absence of IL-5 might ex- 
plain the reduction of eosinophilia in the CD28KO mice, 
although additional factors — including a reduction in IL-4 



and the possible inhibition of chemokine-directed eosin- 
ophilotaxis — may play significant roles as well. Interest- 
ingly, secretion of the prototype Thl cytokine (IFN--y) in 
BALF from CD28KO animals was equal to wild-type mice 
(0.96 ± 0.2 ng/ml IFN-7 BALF CD28KO versus 0.91 ± 0.11 
ng/ml IFN-7 BALF wild type, Figure 4B). Thus, our data 
support an essential role for CD28 signaling in the devel- 
opment of eosinophilia and production of Th2-type cyto- 
kines by the infiltrating BAL T cells. 

Effects of Anti-CD80 and Anti-CD86 Treatment in the 
Development of Allergic Airway Inflammation 

Mice were treated from the outset with a combination of 
both anti-CD80 and anti-CD86 mAbs. As. seen in Figure 1, 
there were virtually no eosinophils (5 eos/(xl) in BALF in 
mice treated with both anti-B7 mAbs. Cytokine analysis of 
the BALF confirmed the suppression of the Th2 responses 
in mAb-treated mice. Little IL-5 in BALF (25 ± 10 pg/ml 
versus 159 ± 25 pg/ml for SCH mice) was observed in 
treated animals (Figure 4A). IFN-7 production was also 
greatly reduced (0.211 ± 0.04 ng/ml versus 0.91 ± 0.11 ng/ml 
SCH, P < 0.005) in BALF from mice treated with both 
mAbs (Figure 4B). Finally, combined antibody treatment 
greatly decreased serum IgE responses (950 ± 179 ng/ml 
versus 2,074 ± 394 ng/ml for SCH, P < 0.01, Figure 2) and 
blocked all histologic evidence of the disease (Figure 3C). 

Most in vivo studies have suggested that CD86 is criti- 
cal for initiating immune. responses and is essential for Tb.2 
development (5). However, CD80 has been found to play 
an important role in the late stages of some Th2-mediated 
disorders, including autoimmune disease (21). The role of 
CD80 and CD86 in asthma is also controversial. For exam- 
ple, Harris and colleagues determined that CD80 ligation 
was critical for development of allergic airway inflamma- 
tion (22). In contrast, other studies have suggested that 
CD86 plays a dominant role in the development of murine 
asthma (23, 24). Therefore, we examined the effects of 
anti-B7 mAbs individually beginning at the time of anti-. 
gen sensitization. Treatment with either anti-CD80 or anti- 
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Figure 4. (A) IL-5 production is dramatically reduced in CD28- 
KO mice and wild-type mice treated with anti-B7 antibodies. 
Cell-free BALF was evaluated for IL-5 and IFN-7 content re- 
spectively, by ELISA. CONTROL mice produced minimal IL-5 
(5 ± 1 pg/ml BALF). In contrast, SCH mice produced large amounts 
of this cytokine (159 ± 25 pg IL-5/ml BALF). Secretion of IL-5 
was abolished in CD28KO mice (10 ± 3 pg IL-5/mI BALF, P < 
0.001 versus SCH) and was dramatically inhibited in animals 
treated with both anti-B7 antibodies (25 ± 10 pg IL-5/ml BALF 
P < 0.005 versus SCH). Either anti-CD80 or anti-CD86 antibody 
treatment inhibited secretion of this "Th-2-like" cytokine by > 60% 
(64 ± 18 pg/ml BALF and 69 + 11 pg/ml BALF, respectively P < 
0.05 versus SCH). (B) IFN-7 production was not affected by ge- 
netic deletion of CD28. CD28KO and wild-type mice secreted 
equivalent amounts of IFN-7 into BALF (0.96 ± 0.2 ng/ml BALF 
CD28KO; 0.91 ± 0.11 ng/ml BALF, SCH). Treatment with indi- 
vidual anti-B7 antibodies had no significant effect on BALF IFN-7 
content (0.61 ± 0.24 ng/ml BALF, anti-CD80; 0.74 ± 0.15 ng/ml 
BALF, anti-CD86). However, treatment with both antibodies 
(DAB) reduced BALF IFN-7 content by 75% (0.211 ± 0 04 ng/ 
ml BALF, P < 0.005 versus SCH). 



CD86 mAb from Day 0 resulted in significantly reduced 
airway eosinophilia (Figure 1) (341 ± 94 eos/|xl BALF anti- 
CD80-treated mice, P < 0.01 versus SCH; 332 ± 76 eos/uJ 
BALF anti-CD86-treated mice, P < 0.01 versus SCH). 
These findings were confirmed by histologic examination 
revealing that treatment with either anti-B7 mAb reduced 
but did not abolish airway tissue eosinophilia. Inhibition of 
either CD80 or CD86 ligation also reduced, but did not com- 



pletely inhibit, secretion of IL-5 (64 ± 18 pg/ml BALF and 
69 ± 11 pg/ml BALF, respectively, P < 0.05 versus SCH; 
Figure 4A). Interestingly, anti-CD86 but not anti-CD80 
antibody treatment attenuated production of IgE in serum 
(768 ± 150 ng/ml BALF and 2,148 ± 553 ng/ml BALF, re- 
spectively, versus 2,074 ± 394 ng/ml BALF for SCH group, 
P < 0.05 versus anti-CD86~treated group, Figure 2). More- 
over, the level of IgE suppression was equivalent to that ob- 
served in the group treated with the combination of anti- 
CD80 and anti-CD86 mAbs. Finally, IFN-7 secretion into 
BALF was not significantly affected by treatment with an- 
■ tibody against either CD80 or CD86 (Figure 4B). Together, 
these results suggest that the ligation of CD28 with either 
B7 molecule is sufficient to induce a partial local Th2- type 
cytokine response. However, CD86 ligation, not CD80, is 
essential for the induction of a systemic IgE response. 

Effects of CTLA4Ig Treatment on S. mansoni-Stnsitized 
and Challenged CD28KO Mice 

In contrast to animals treated with both anti-B7 antibod- 
ies, the CD28KO mice generated significant IFN-7 in 
BALF, and developed mild lymphocytic inflammation of 
airways. Therefore, to test the possibility that an alternative 
T-cell surface molecule may interact with B7 to costimulate 
this lymphocytic response, we treated an additional six CD- 
28KO mice with CTLA4Ig, beginning at sensitization. This 
soluble chimeric fusion protein binds CD80 and CD86 with 
a 20-fold greater avidity compared with CD28 (25). Five 
wild-type animals were sensitized and challenged to serve 
as controls, and an additional five wild-type animals were 
treated with CTLA4Ig to confirm the efficacy of this drug 
to block CD28/B7 interactions. As expected, wild-type ani- 
mals generated an allergic phenotype that was greatly inhib- 
ited by pretreatment with CTLA4Ig. However, in the CD- 
.28KO mice CTLA4Ig treatment had no significant effect on 
airway lymphocytosis (30 ± 6% lymphs/BALF, isotype- 
treated versus 17 £ 3 lymphs/BALF, CTLA4Ig-treated, 
P = ns). Additionally, spleen cells from SCH CD28KO 
mice treated with CTLA4Ig or isotype control proliferated 
in an equivalent manner in response to 2C11 and SEA, 
and had similar surface expression of CD25, CD44, and 
CD69 (Table 1). Thus, engagement of B7 with an alterna- 
tive molecule(s) including CTLA-4 could not explain the 
different results obtained from CD28KO and anti-CD80/ 
anti-CD86-treated wild-type animals. 

Effects of Anti-CD80 and Anti-CD86 Treatment during the 
Challenge Phase of Allergic Airway Inflammation 

We next evaluated the effect(s) of treatment with anti-B7 
antibodies when administered after antigen sensitization 
and during antigen challenge inasmuch as this setting might 
more closely approximate the clinical situation in which al- 
ready-sensitized patients become symptomatic upon expo- 
sure to the sensitizing antigen. Mice were given S. mansoni 
as described and treated with either anti-CD80 or anti-CD86 
or both mAbs beginning at the time of antigen challenge 
(daily from Days 7 to 10). Treatment with either mAb alone 
had no significant effect on any of the disease parameters. 
However, the combination of both mAbs during the chal- 
lenge period resulted in a 75% reduction in airway eosino- 
philia and IL-4 and IL-5 production in BALF. Interest- 
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TABLE 2 

Effect ofanti-B7 mAb treatment given duri ng antigen challenge (Days 7 to 10) in S. mansoni-sensitized mice 

TOTAL EOS IL-4 (pglmt) IL-5 (pglmi) IFN-7 (nglml) IgE tnglmt) 

% EOS BALF BALF BALF BALF BALF Serum 

Control (n = 8) < 1 < 1 < 3 < 5 565 ± 241 

SCH(« = 15) 70 ± 3 250 ± 33 54 ± 8 186 ± 31 1.15 ± 0.08 1,586 ± 162 

Anti-B7-1 Days 7 to 10 (n = 10) 69 ± 5 214 ± 45 58 ± 9 140 ± 25 1.11 ± 0.09 1,519 ± 433 

Anti-B7-2 Days 7 to 10 (n = 10) 57 ± 9 135 ± 53 36 ± 6 97 ± 18 0.90 ± 0.07 1,230 ± 254 

DAB Days 7 to 10 (n = 10) 42 ± 9 67 ± 28* 18 ±6* 49 ± 13* 0.93 ± 0.09 1,487 ± 253 

EOS: eosinophils. 
* P < 0.001 versus SCH. 
'/» = 0.03 versus SCH. 
*P = 0.02 versus SCH. 



ingly, production of IFN-7 in the BALF and serum IgE 
levels were equivalent to those in SCH mice (Table 2). 

Expression of CD80 and CD86 in SCH Mouse Lung 
CD86 is generally assumed to play a dominant role early 
in the course of T-cell activation. However, the relative ef- 
fectiveness of anti-CD80 mAb in the local immune re- 
sponses in the lung, especially late in the disease progres- 
sion, suggested that this costimulatory ligand might be 
selectively upregulated in lung tissue. Thus, we examined 
the expression of CD80 and CD86 mRNA in lung tissue 
from SCH mice, beginning at a time point from sensitiza- 
tion through 72 h after antigen challenge. We found that 
both CD80 and CD86 mRNA (not shown) were detected 
in the lungs of unmanipulated mice as well as in SCH mice 
examined after challenge with SEA. Next, surface expres- 
sion of both B7 molecules on collagenase-digested lung 
cells was assessed by FACS analyses at equivalent time 
points after antigen challenge in SCH mice (Figure 5). 
CD80 surface expression was constitutive (median fluo- 
rescence intensity [MFI] 6 ± 1), was upregulated within 
24 h (MFI = 19 ± 1), and continued to be significantly ex- 
pressed at 72 h after antigen challenge (MFI = 15 ± 1). 
Surface expression of CD86 was also constitutive (MFI = 
11 ± 2) and elevated within 24 h (MFI = 21 ± 2), although 
expression returned to baseline levels by 72 h after antigen 
challenge (MFI = 12 ± 1). 

Of particular interest was the finding that eosinophils 
expressed primarily CD80 (26% of all cells) versus CD86 
(10% of all cells; Figure 6) at 72 h. In contrast, alveolar 
macrophages (data not shown) and lymphocytes expressed 
primarily CD86 (28% of all cells), with lesser expression of 
CE)80 (7% of all cells) at this time point. We are aware of 
one previous study that addressed B7 expression on eosin- 
ophils. In this study, the authors demonstrated upregula- 
tion of both CD80 and CD86 expression on eosinophils 

• from peritoneal exudate of IL-5 transgenic mice after stimu- 
; lation with granulocyte macrophage colony-stimulating fac- 

• tor (26). Thus our data again emphasize the potential differ- 
ences in B7 expression on different cells in different immune 
environments. Importantly, these data also raise the possi- 
bility that eosinophils may provide additional costimula- 
tory signals in a rapidly developing allergic environment, 
thus potentially making the allergic lung a somewhat unique 
organ in terms of expression of B7 costimulatory molecules. 



Discussion 

The results of the current study illustrate the central role 
of CD28 in the induction of allergic airway responses in 
S. mansoni-sensitized and airway-challenged mice. These 
animals develop an atopic respiratory phenotype including 
airway eosinophilia and goblet-cell hyperplasia, secrete 
IL-4 and IL-5 locally within the respiratory tract, and pro- 
duce significant amounts of systemic IgE. Either CD28- 
deficient mice or combined treatment with anti-CD80 and 
anti-CD86 mAbs completely suppressed the Th2-driven 
allergic airway inflammatory response, whereas treatment 
with either anti-CD80 or anti-CD86 mAbs had an equiva- 
lent effect to partially suppress allergic inflammation. In 
addition, simultaneous treatment of sensitized mice at the 
time of antigen challenge with both anti-CD80 and anti- 
CD86 mAbs significantly inhibited the development of 
airway eosinophilia, histologic evidence of mucus cell hy- 
perplasia/hypertrophy, and the secretion of IL-4 and IL-5 
in BALF. We have previously reported that treatment 
with CTLA4Ig after antigen sensitization blocked the de- 
velopment of airway eosinophilia, airway hyperrespon- 
siveness, and production of Th2-like cytokines and systemic 
IgE in S. mansoni-sensitized and challenged mice (8). Thus, 
our present findings suggest that blocking CD28/B7 interac- 
tions either before or during antigenic challenge inhibits the 
development of Th2-like lymphocytes. Because asthma is 
not reliably predicted in asymptomatic people, the treat- 
ment of asthmatic patients is initiated after primary im- 
munization with antigen. Thus, our current data imply that 
inhibiting the T-lymphocyte costimulation pathway in sen- 
sitized individuals may be a potentially worthwhile thera- 
peutic strategy to treat people with atopic respiratory dis- 
orders. However, our findings also suggest that strategies 
that are designed to inhibit CD28/B7 interactions should 
be based on the particular individual kinetics of expression 
of CD80 and CD86 in human lung tissue. 

Although our results suggest that CD28 ligation is nec- 
essary for production of Th2 cells, sensitized CD28KO 
mice produced significant IFN-7 and developed a mild 
lymphocytosis in response to antigen challenge. This was 
in contrast to wild-type mice treated with mAbs to both 
B7 molecules, in which IFN-7 production and lymphocyte 
infiltrates were both inhibited. These data are similar to 
those reported by Brown and associates (27) in which T 
cells from CD28KO mice on either a C57BL/6 or BALB/c 
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background produced IFN- 7 in response to infection with 
Leishmania major when compared with wild-type controls. 
These data also support findings from our lab and others 
(10) demonstrating that CD28KO mice can mount an effi- 
cient, although delayed, Thl rejection response after or- 
gan transplantation. 

The explanation for these differing results obtained in 
the CD28KO mouse and in wild-type mice treated with 
anti-CD80 and anti-CD86 mAbs is not clear. We consid- 
ered the possibility that there may be an additional B7- 
dependent costimulatory ligand(s) on T cells responsible 
for induction of partial T-cell activation. However, we ob- 
served that blockade of B7 ligation with CTLA4Ig did not 
affect the generation of IFN-7 or the development of a 
mild lymphocytic infiltrate in these sensitized and chal- 
lenged CD28KO mice. Thus, it is more likely that the data 
reflect intrinsic differences between antibody treatment of 



the CD28/B7 pathways and gene disruption of CD28. In 
this regard, heart allograft rejection that is fully blocked by 
CTLA4Ig is not prevented in CD28KO mice even after 
CTLA4Ig therapy. In fact, blocking CTLA-4/B7 interac- 
tions accelerates Thl-mediated allograft rejection in CD28- 
deficient mice (10). Moreover, we have demonstrated that 
T cells from CD28KO mice expand significantly before 
activation-induced cell death (unlike cells cultured with 
CTLA4Ig [28]). We speculate that the absence of CD28 
expression may result in a subtle alteration in T-cell devel- 
opment (29, 30) or changes in mature T-cell signal transduc- 
tion due to the absence of cell surface membrane-expressed 
CD28 that can interact with intracellular signaling mole- 
cules such as ITK (31) or PI3 kinase (32). 

Our data also raise several questions with regard to the 
individual role of the B7 molecules and the importance of 
the temporal expression of these costimulatory ligands in 
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Figure 6. Flow cytometric detection of B7 expression on eosinophils and lymphocytes from lungs of antigen-sensitized and -challenged 
mice. Scatter plot (A) of cells obtained by collagenase digestion of whole lung from S. mansoni-sensitized mice 72 h after injection of an- 
tigen into trachea. The gated regions were sorted and contained 95% eosinophils (R2, < 1% eosinophils at baseline) or lymphocytes 
(Rl), respectively, at 72 h. Eosinophils stained positively with FITC-conjugated anti-CD80 (B, dashed lines, 26% of all cells) and FITC- 
conjugated anti-CD86 (C, dashed lines, 10% of all cells) compared with FITC-conjugated control mAb (6 and C, solid lines). For com- 
parison, B7 staining on lymphocytes was somewhat different, with 7% of all cells staining positively for CD80 (D) versus 28% positive 
for CD86 (E). Data are representative of four to seven experiments. 



promoting T-cell effector functions in vivo. Specifically, in 
the current study, antibody treatment directed against ei- ' 
ther CD80 or CD86 alone had a partial and similar inhibi- 
tory effect on the development of allergic inflammation. 
Although several studies have reported that CTLA4Ig can 

■•••block the development of allergic airways in small-animal 
models, the individual roles of CD80 and CD86 have re- 

' mained controversial. For example, Harris and coworkers 
have described the requirement for CD80 but not CD86 in 
the induction of murine allergic airway inflammation (22). 
In apparent contradiction, two additional studies reported 
that anti-CD86 treatment of ovalbumin (OVA)-sensitized 
mice immediately before antigen challenge resulted in 
greatly diminished airway eosinophilia and airway hyper- 
responsiveness (23, 24). However, in both studies eosino- 



philic recruitment into airways was also significantly re- 
duced in mice treated with only the anti-CD80 antibody. 
Perhaps not surprisingly, CD80 and CD86 play signifi- 
■ cantly different roles in determining immune responses in 
vivo in other, nonasthma models as well (33). For exam- 
ple, we and others have shown that selective inhibition of 
B7 ligands can alter the disease state in an animal model of 
diabetes. Non-obese diabetic mice treated with anti-CD86 
antibodies had a decreased incidence of diabetes, whereas 
treatment with anti-CD80 resulted in the opposite effect (34). 
In contrast, CD80 appeared to be the dominant costimula- 
tory ligand in regulating experimental autoimmune enceph- 
alitis (EAE) relapses (35). We believe that these different 
results may be explained, in part, by the kinetics of expres- 
sion of CD80 and CD86 on individual cells in individual 



AMERICAN JOURNAL OF RESPIRATORY CELL A 



JLECULAR ElOLOG ■/VOL. 2 



organs during antigen sensitization. In this context, murine 
(C57BL/6) lung dendritic cells constitutively express both 
B7 ligands. Masten and associates have recently shown in 
this system that CD80 is the primary ligand needed to 
stimulate dendritic cell-initiated allogeneic T-cell prolifer- 
ation (36). However, if dendritic cells were the essential 
APCs in allergic mouse lung, we would anticipate that 
anti-CD80 mAb treatment would have had a greater effect 
to inhibit airway eosinophilia and IL-4 and IL-5 secretion 
compared with anti-CD86 mAb treatment. Yet in our sys- 
tem the two individual mAb treatments had equivalent lo- 
cal effects in vivo. This suggests that multiple cell types 
may participate to present B7 molecules in the develop- 
ment of murine allergic airways. Additionally, in the cur- 
rent study we demonstrate by reverse transcriptase/PCR 
and FACS analysis that both CD80 and C.D86 were ex- 
pressed on lung cells from naive animals and were upregu- 
lated within 24 h of antigen challenge. We also found that 
both B7 molecules were expressed on eosinophils from the 
allergic lung and that there was greater expression of 
CD80 than CD86 on these inflammatory cells. 

Thus, B7 expression on lung cells in this animal model 
of respiratory atopy does not conform to the paradigm of 
minima] constitutive expression and antigen-induced "early" 
CD86, "late" CD80 expression originally described for hu- 
man B cells (37). This further suggests that expression of 
B7 molecules on potential APCs varies depending not 
only on the time they are examined and on the organ from 
which the cells are harvested, but also on the local envi- 
ronment in which the animals are kept. Specifically, eosin- 
ophils are typically not present in nonallelic tissues', there- 
fore asthma and atopic diseases may represent a somewhat 
unique setting for eosinophils to function as presenting 
cells for costimulatory molecules. We speculate that this 
population of cells may act as APCs in this system to sup- 
port and augment the rapidly increasing requirements for 
T-cell costimulation during the initial phases of an allergic 
response in airways. It is also likely that resident (non- 
eosinophil) cells within the pulmonary system of "naive" 
animals encounter nominal antigen even though the ani- 
mals have not been manipulated experimentally. 

Our results are most consistent with the model that ei- 
ther of the B7 molecules can act as a costimulatory ligand 
to initiate immune reactions, but that the temporal kinet- 
ics and level of expression of either CD80 or CD86 deter- 
mines the ability of either of these molecules to influence 
T-cell differentiation and effector functions (38). For ex- 
ample, Schweitzer and colleagues reported that the co- 
stimulatory signals provided by CD80 and CD86 were ba- 
sically equivalent because both could elicit IL-4 as well as 
IFN-7 secretion by anti-CD3-stimulated CD4+ T cells, es- 
pecially under suboptimal conditions (39). Similarly, Helig- 
mosomoides polygyrus-mfecled mice seem relatively resis- 
tant to the effect of treatment with antibodies to either B7 
molecule. However, treatment with antibodies to both B7 
ligands could block the immune and inflammatory reac- 
tions in these animals (40). Previously, we have shown that 
anti-CD86 treatment exacerbates the developing stages of 
EAE whereas anti-CD80 treatment exacerbates already- 
established EAE. The different effects of anti-B7 treat- 
ment in this model are due to increased early expression of 



CD86 within the central nervous system followed by dom- 
inant CD80 expression later as the disease progresses (21). 
Thus, our results suggest that the "dominance" of either 
B7 molecule in "Thl" or "Th2" immune responses can be 
explained by a more rapid upregulation after antigen pre- 
sentation (39). Our findings may also offer a temporal and 
functional explanation for previous studies in which CD80 
or CD86 seem to play different, sometimes mutually ex- 
■ elusive roles in Thl/Th2 production and disease propres- 
sion (11, 15, 21-24, 33, 3.5, 38-40). 
; Although treatment with anti-CD80 or anti-CD86 re- 
sulted in partial reduction in the development of allergic 
airways, only anti-CD86 treatment significantly depressed 
systemic production of IgE. These data are consistent with 
a previous study by Harris and associates in which CD80 
blockade prevented the development of allergic airways 
but did not inhibit systemic production of IgE in mice (22). 
Treatment with anti-CD86 mAbs has previously been 
shown to result in deficiencies in germinal center'forma- 
tion and isotype switching (41). CD86- but not CD80-de- 
pendent immunoglobulin production has also been dem- 
onstrated in SV129 OVA-challenged mice (24) and the 
lupus-prone NZW mouse (42). Thus, while local (pulmo- 
nary) lymphocyte responses to antigen may be driven equally 
by CD28/CD80 or CD28/CD86 ligation," CD86 seemingly 
plays the predominant role in the systemic B-cell response in 
the mouse. This implies that constitutive expression of 
both CD80 and CD86 in lung may be different than in pe- 
ripheral lymph node germinal centers and Peyers patches, 
regions that play a significant role in systemic IgE responses 
and where CD86 may be more dominantly expressed. We 
speculate that the presence of CD80-expressing eosino- 
phils in the allergic lung but not in nonpulmonary tissues 
might account for these differences. 
„_ • These potential regional differences in B7 expression 
have significant implications for developing clinical treat- 
ment strategies. Specifically, therapy for asthma that targets 
CD28/B7 interactions may need to consider the potential 
for differential expression of B7 molecules in different or- 
gans and immune environments in the same individual. 
This important point has recently been elegantly demon- 
strated in a murine model of relapsing encephalomyelitis 
(38). Finally, CD28/B7 inhibition after sensitization and 
during antigen challenge inhibited most of the allergic 
lung response, suggesting that targeted manipulation of 
the second signal involved in T-cell activation may lead to 
effective treatments for people with allergic respiratory 
disorders, including atopic asthma. 
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PATIENTS AND METHODS 

Four mildly allergic asthmatics with a duration of asthma of more than 2 years 
were included in the study after informed consent. On day 0 allergen was installed into the right 
lower (B7 right) and right middle lobe (B5 right) of the lung. 42 hours later a BAL was 
performed and bronchial biopsies were taken at the site of allergen provocation. Immediately 
after sampling, the BAL fluid was analyzed by flow cytometry. The expression of ICOS on 
bronchoalveolar T cells, identified with the CD3-specific monoclonal antibody (mAb) OKT 3, 
was determined by double fluorescence flow cytometry using the ICOS-specific mAb F44. The 
bronchial biopsies obtained from the same individuals were snap-frozen immediately after 
sampling. Cryostat sections obtained from the bronchial tissue were analyzed for ICOS -positive 
T cells by immunohistology using mAb F44 and the APAAP technique. 

In addition to this study, bronchial biopsy tissue from another four allergic 
asthmatics were analyzed by immunohistology. 
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RESULTS 

In normal individuals, a very low basic expression of ICOS can be observed on up 
to 10 - 14% of T cells in the peripheral blood using a very sensitive (phycoerythrin-based) 
detection system (Beier et al, 2000, "Induction, binding specificity and function of human 
ICOS," Eur. J. Immunol. 30:3707-17, attached hereto as Exhibit A). In the four allergic 
individuals studied, ICOS was present on 8.3 % to 31.5% of peripheral blood T cells (FIGS. 1 
and 2). This result may suggest that some allergic individuals express higher basic levels of 
ICOS on T cells in the peripheral blood. 

In the bronchoalveolar fluid 39.4% to 69.3% of all T cells carried the ICOS 
antigen on the surface. In the "negative" T cell population the median of the signal was higher 
when compared to the peripheral blood, indicating that even most of the "negative" T cells 
carried low levels of ICOS (FIG. 1). In all four patients studied, the percentage of 
ICOS-expressing T cells in the BAL was substantially higher when compared to peripheral blood 
T cells of the same individuals analyzed in parallel (FIG. 2). 

Bronchial biopsies taken 42 hours after segmental allergen provocation from the 4 
lavaged patients were analyzed by immunohistology. In addition, bronchial biopsies taken from 
another 4 allergic asthmatics were examined. Characteristically, numerous ICOS positive T cells 
• were found in the bronchial epithelium and the submucosa (FIG. 3). The proportion of ICOS 
positive cells found at these anatomical sites was compatible with the percentages of ICOS 
positive T cells found in the BAL using flow cytometry. 

In the non-inflamed lung barely any T cells can be found. In the lung tissue of 
allergic asthmatics a substantial T cell infiltration is typically observed. 



Attachments 

FIG.l Flow cytometry profiles obtained with cells from patient 4. In the peripheral 

blood, 55.4% of all cells bore the CD3 marker (and were thus identified as T 
cells) and 8.3% of them expressed ICOS. In the bronchoalveolar lavage the gated 
population contained 46.6% CD3-positive cells and 40.6% of them expressed 
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ICOS. Note that the numbers given in the right upper quadrants represent 
percentages of ICOS-positive T cells analyzed. 

FIG. 2 Percentage of ICOS-positive T cells in the peripheral blood and bronchoalveolar 

lavage fluid of four patients with allergic asthma 42 hours after segmental 
allergen provocation. 

FIG. 3 Immunohistological staining of ICOS positive T cells (stained in red) in a 

representative human bronchial biopsy. Ep=Epithelium; BM= basal membrane; 
SM=submucosa. 

Exhibit A. Beier et al. , 2000, "Induction, binding specificity and function of human ICOS," 
Eur. J. Immunol. 30:3707-17. 
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1 Introduction 

The regulation of the adaptive immune system is based 
among others, on a complex interaction' of T cells with 
APC. Recognition of the peptide-MHC complex by the 
alone 13 usuall V insufficient to fully activate the T 
cells and can even result in T cell anergy or apoptosis [1 
2] An additional co-stimulatory signal is delivered by 
CD28 which interacts with B7-1 (CD80) and B7--2 (CD86) 
on APC. This co-stimulatory signal is essential for the ini- 
tiation of proliferation, up-regulation of many cytokines 
especially IL.-2, expression of other cell surface mole- 
cules and prevention of cell death by up-regulation of 
anti-apoptotic genes such as bcl-x L [1, ?]. The effects of 
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CD28 are counterbalanced by the structurally related 
activation molecule CTLA-4, which also binds to B7-1 
and B7-2 [2]. 

Recently, we identified a third member of the CD28 fam- 
ily of co-st,mulatory molecules, which was termed 

inducible co-stimulator" (ICOS) [3], Subsequently 
murine (mu) ICOS was defined by Yoshinaga et al. [4] and 
our group [5], and the rat homologue by Tamatani et al 
[6] Human (hu) ICOS is a disulfide-linked dimer with 
39 /0 similarity to CD28 and CTLA-4 at the protein level 
and is de novo expressed on the T cell surface following 
activation. In our original publication, we have principally 
demonstrated that hulCOS co-stimulates basic T cell 
responses to foreign antigen,, namely proliferation 
secretion of lymphokines, up-regulation of molecules 
that mediate cell-cell interaction, and effective help for 
antibody secretion by B cells. The present report pro- 
vides a more detailed analysis of the structure, expres- 
sion and function of ICOS in vitro. Another focus of our 
work was the analysis of the structural and the functional 
interrelationship between the ICOS and CD28 pathways 
Furthermore, an in-depth analysis of ICOS expression in 
human lymphoid tissues was performed. 

0014-2980/00/1212-3707S17.50 + .50/0 
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2 Results 

2.1 Chromosomal location of the hulCOS gene 

• Using the hulCOS cDNA of 2641 bp [3] (deposited at the 
EMBL database under accession no. AJ277832), a DNA 
probe from a genomic human library was isolated and 
fluorescence in situ hybridization (FISH) analysis per- 
formed on human metaphase chromosomes. Strong sig- 
nals were obtained on chromosome 2, band q33-34, and 
weaker signals on chromosome 17, band q12 (Fig. 1A). 
Further analysis by -Southern blotting of DNA from 
human chromosomes 2 and 17 revealed that only the 
signals on 2q33-34 were specific (Fig. 1B). The hulCOS 
gene thus is syntenic to the.rnulCOS gene on chromo- 
some 1 [5] and maps to the same chromosomal region 
as human CD28 and CTLA-4 [7, 8], suggesting that these 
three related genes are the result of a gene duplication 
event. 
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2.2 hulCOS is a homodimeric protein with 
variably glycosylated subunits 

The hulCOS cDNA encodes a 199-amino acid type I 
transmembrane protein [3]. The cleavage site of the 
leader peptide has not been determined experimentally 
and is predicted between Thr 19 and Gly 20 (Y-score 0.697) 
or between Gly 20 and Glu 21 (Y-score 0.701 [9]). The pro- 
tein backbone of the resulting mature ICOS protein of 
179 or 180 amino acids corresponds to a M r of 
20.28 kDa or 20.22 kDa, respectively. Immunoprecipita- 
tion of ICOS with mAb F44 from activated primary 
human T cells revealed under non-reducing conditions a 
broad band between 55 and 60 kDa (Fig. 2). Under 
reducing conditions, two distinct bands of 27 and 
29 kDa were observed, indicating that ICOS is a 
disulfide-linked dimer. Treatment with N-glycosidase F 
(ICOS protein has two potential N-glycosylation sites at 
Asn 89 and Asn 110 ) resulted in a single band with an appar- 
ent M, of 20 kDa, suggesting that the two bands at 27 
and 29 kDa represent differently glycosylated variants of 
the same protein chain. This assumption was proven to 
be correct by cell surface expression of ICOS after trans- 
fecting hulCOS cDNA into L-cells (see Fig. 5). Since 
20.2 kDa is the theoretical M r of the protein backbone, 
additional O-glycosylation of the hulCOS protein is 
unlikely. Taken together, hulCOS is a homodimeric pro- 
tein with two differently N-glycosylated subunits. 
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Fig. 1. Chromosomal localization of the hulCOS gene. (A) 
FISH analysis with a genomic hulCOS probe on human 
metaphase lymphocyte spreads generated strong signals 
on chromosome 2q33-34 and weaker signals on chromo- 
some 17q12 (arrows). (B) Southern blot analysis of DNA 
from human placenta (control) and DNA from chromosomes 
2 (chr. 2) and 17 (chr. 17) hybridized with the hulCOS cDNA 
probe revealed specific signals at approximately 9.2 kb 
(EcoRI digest) and approximately 6 and 10 kb (Xbal digest) 
only for the positive control and chromosome 2. 



Fig. 2. Structure of hulCOS protein. T cells were activated 
with PMA and ionomycin for 22 h. After surface iodination of 
the cells, ICOS protein was immunoprecipitated with mAb 
F44, separated by SDS-PAGE under non-reducing or reduc- 
ing conditions (12% gel) and the dried gel exposed to an X- 
ray film. In the right lane, the immunoprecipitate was treated 
with N-glycosidase F prior to reducing gel electrophoresis. 
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2.3 hulCOS is a "two-signal-dependent", CsA- 
sensitive cell surface molecule 
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A (CsA) during stimulation reduced the expression levels 
of ICOS to the levels observed with PMA alone. 



We have earlier demonstrated the induction of hulCOS 
expression on the surface of CD4 + and CD8 + T cells 
using the CD3e-specific mAb OKT3 for stimulation [3]. 
When CD4 + T cells were activated by PMA or the calcium 
ionophore ionomycin instead, only a faint hulCOS 
expression could be observed, whereas the combined 
use of both agents resulted in a substantial expression of 
hulCOS within 8 h (Fig. 3A). The presence of cyclosporin 



2.4 Induction kinetics of hulCOS on CD4 + and 
CD8 + T cell subsets 

In a next step we determined the kinetics of hulCOS 
expression on various T cell subsets. Interestingly, using 
PE-coupled mAb F44, a reagent offering highest detec- 
tion sensitivity, we observed a general slight shift 
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towards ICOS positivity with the CD4 + peripheral blood T 
cell population, with 5-10% of cells reaching fluores- 
cence levels above a threshold defined by isotype and 
cold blocking controls, whereas the CD8* T cells were 
completely, negative (Fig. 3B- and C). These ICOS- 
expressing CD4* T cells, not detected earlier using mAb 
F44 coupled to FITC [-3], were CD69", negatively corre- 
lated to the expression of CD25 (Fig. 3C), but positively 
correlated to the "expression of CD45RO (not shown), 
and may thus represent T cells at a late stage of activa- 
tion. When purified CD4 + (virtually all CD28 + ) and purified 
CD8 + T cells were stimulated with solid phase-bound 
mAb OKT3, a de novo induction of ICOS on the cell sur- 
face of CD4 + and CD8 + CD28 + could be observed after 
4 h, and the expression of ICOS continued to increase 
for up to 60 h (Fig. 3B). Of special interest was a subpop- 
ulation of CD8 + T cells which no longer expresses CD28. 
This subpopulation encompasses 10-30% of human 
CD8 + T cells in healthy individuals, but may represent a 
very high proportion of CD8 + T cells in AIDS, rheumatoid 
arthritis or systemic lupus erythematosus [10, 11]. When 
these CD8 + CD28" T cells (defined by electronic gating) 
were activated via CD3, ICOS again could be induced 
onto the cell surface (albeit with slower kinetics, Fig. 3B). 
The activation of highly purified CD8 + CD28- cells by solid 
phase-bound mAb OKT3 confirmed this observation 
(Fig. 3D) and thus demonstrated that the induction of 
ICOS is not absolutely dependent on the presence of 
CD28 on the cell surface. 



2.5 The CD28/B7 pathway but not the CD40L/ 
CD40 pathway is involved in hulCOS up- 
regulation following antigen recognition 

The observation that CD28' cells express ICOS more 
slowly and to a lower degree prompted us to investigate 
the involvement of CD28 in the induction of ICOS in more 
detail. To this end we used cell systems in which T cell 
activation occurs as a result of a complex cell-cell inter- 
action resembling physiological antigen recognition. 
CD4 + T cells were activated in an MLR with allogeneic 
tonsillar B cells over 6 days or by superantigens pre- 
sented by mature Langerhans cells (mLC) [12] for 12 h. In 
both systems, ICOS was potently induced onto the cell 
surface (Fig. 4A). Neither the presence of CD40-specific 
blocking mAb 89 (or mAb G28-5) nor the presence of 
CD80-specific blocking mAb L307.4 during the entire 
culture period affected the induction of ICOS (Fig. 4A). 
However, CD86-specific blocking mAb IT2.2 very signifi- 
cantly diminished the induction of ICOS onto the T cell 
surface and this effect was further pronounced through 
the combined use of mAb IT2.2 and L307.4 (Fig. 4A). 
These experiments clearly determined that in the course 
of T cell activation following antigen recognition the 



CD28/B7 pathway, but not the CD40 ligand (L)/CD40 
pathway, is involved in the induction of the ICOS mole- 
cule onto the cell surface. Further indirect support for 
this conclusion came from experiments demonstrating 
that co-stimulation of T cells via CD28 very substantially 
increases ICOS cell surface expression when compared 
to T-cell activation through CD3 alone (Fig. 4B). 



2.6 hulCOS and hulCOS-L do not cross-intereact 
with the CD28/B7 pathway 

The lack of a fully conserved MYPPPY motif in the 
hulCOS protein sequence [3], which is required in its 
intact form for the binding of CD28 and CTLA-4 to B7-1 
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Fig. 4. Involvement of the CD28/B7 pathway in the induction 
of ICOS following antigen recognition. (A) CD4 + T cells were 
co-cultured in an MLR with allogeneic tonsillar B cells for 
6 days or co-cultured with mLC in the presence of a mixture 
of superantigens (SAg) for 12 h, either in the presence of an 
isotype control mAb, or in the presence of blocking mAb 
directed to CD40, CD80 or CD86. Expression levels of 
hulCOS were determined with PE-conjugated mAb F44. (B) 
CD4 + T cells were activated through CD3 using mAb OKT3 or 
co-stimulated via CD28 using a combination of mAb OKT3 
and mAb 9.3 for 24 h. The expression levels of ICOS were 
determined by flow cytometry using PE-conjugated mAb 
F44. In all experiments mAb 2A11 was used as the isotype 
control. Shown are representative experiments out of three. 
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(CD80) and B7-2 (CD86) [13, 14], suggested that hulCOS 
binds to a different counter-receptor. Recently, a new 
murine B7-related molecule, B7h, has been cloned [15] 
and we could demonstrate that B7h is the murine ICOS 
ligand (mulCOS-L) [5]. The same central finding was 
obtained by Yoshinaga et al. [4], and by Ling et al. [16], 
two groups which also independently identified the 
mulCOS-L as B7RP-1 and mGL-50, respectively. Subse- 
quently, we re-cloned hulCOS-L cDNA (corresponding to 
human GL-50 [16]), generated a soluble hulCOS-L-lg 
chimeric fusion protein and analyzed whether the human 
CD28 and ICOS pathways cross-interact. L-cells stably 
transfected with human CD28 bound, as expected, 
multimerized soluble human B7.1-lg and B7.2-lg, but did 
not significantly interact with hulCOS-L-lg (Fig. 5). On 
the other hand, L-cells transfected with hulCOS 
completely failed to bind B7.1 -Ig and B7.2-lg, but specif- 
ically bound hulCOS-L-lg (Fig. 5). This experiment deter- 
mined that the CD28/B7 and the ICOS/ICOS-L pathways 
do not cross-interact on the cell surface. 



2.7 Expression of hulCOS in vivo 

Our original work demonstrated that hulCOS is specifi- 
cally expressed on T cells [3]. We therefore performed an 
in-depth analysis of ICOS expression in lymphoid 
organs. In eight examined fetal thymi (80-98 days of ges- 
tation) we found substantial numbers of ICOS + cells in 
the medulla and fewer positive cells scattered in the cor- 
tex (Fig. 6A), and a similar pattern was seen in a thymus 
of a 14 -day-old newborn (Fig. 6B), suggesting a partici- 
pation of ICOS in the early ontogeny of T cells. These 
results differ from our data obtained with thymic tissue of 
elderly individuals obtained at autopsy, where only very 
few ICOS* cells can be observed [3]. 

• We have previously shown that ICOS is predominantly 
expressed in the apical light zone of germinal centers of 



human tonsils and other lymphoid tissues [3]. Typically, 
the number of ICOS + T cells in the T cell zones of lym- 
phoid tissues is relatively low. Occasionally, however, a 
substantial proportion of cells in the T cell zones can be 
found to be ICOS positive (Fig. 6C). These results indi- 
cate that ICOS has not only a function in the final matura- 
tion of B cells in the germinal center, but also participates 
in certain phases of antigen recognition by T cells in 
zones containing high numbers of dendritic cells (DC). 
This conclusion, drawn from histological analysis, is sup- 
ported by induction of ICOS on CD4* T cells after antigen 
recognition on mLC (compare Fig. 4) and monocyte- 
derived DC (own unpublished data) and by the observed 
expression of the ICOS-L on human B cells and DC (own 
unpublished data). 



2.8 Co-stimulation of cytokine synthesis by 
hulCOS alone or in combination with CD28 

We have previously shown that hulCOS exhibits a strong 
co-stimulatory activity on various parameters of T cell 
activation such as proliferation, expression of other cell 
surface activation antigens, cytokine synthesis (IL-4, IL- 
10) and T cell help for B cells [3]. We have now extended 
the analysis of the cytokine pattern induced by hulCOS 
to more completely assess the biological effects of 
ICOS-mediated signals. CD4 + T cells were optimally trig- 
gered via CD3 alone using mAb OKT3 together with an 
isotype control mAb, or using a combination of OKT3 
and hulCOS-specific mAb F44. Co-stimulation with mAb 
9.3, one of the most potent CD28-specific reagents, was 
performed in parallel for comparison. With the exception 
of IL-6, which was less co-stimulation dependent, only 
small amounts of cytokines were produced at best when 
T cells were stimulated via the TCR complex alone 
(Fig. 7A). When co-stimulating T cells via ICOS, the lev- 
els of secreted IL-4, IL-5, IL-6, IFN-y, TNF-a and GM- 
CSF reached between 30% and 90% of the cytokine lev- 
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Fig. 6. Immunohistological analysis of ICOS expression in lymphoid tissue. Frozen sections of (A) a fetal thymus (91 days) and (B) 
an infant thymus (2 weeks) and (C) a tonsil were stained with mAb F44. M = medulla, C = cortex, GC = germinal center TZ = T 
cell zone. 



els obtained with CD28 co-stimulation (Fig. 7A). As 
reported earlier [3], there were two important exceptions: 
only CD28 co-stimulation led to the expression of IL-2, 
whereas co-stimulation via ICOS was clearly more effec- 
tive in the induction of IL-10 (range: 1.5-fold to 20-fold). 
Interpreting these data, one has to consider that only 
approximately 50% of the T cells express significant lev- 
els of ICOS under these experimental conditions [3], 
whereas almost all of the cells are CD28 + . Thus, on a per 
cell basis, ICOS matches the co-stimulatory effect of 
CD28 for most cytokines and is clearly superior in the 
induction of IL-10. To confirm these results also on the 
mRNA level, we performed RNAse protection assays for 
some of the cytokines and obtained results consistent 
with the secretion profiles at the protein level (Fig. 7B). In 
addition, the RNA protection assay suggested that ICOS 
co-stimulation may be also more effective than CD28 co- 
stimulation for the induction of IL-9 (Fig. 7B), for which 
no commercial ELISA is available at present. 

Since CD28 and ICOS are co-expressed by a high pro- 
portion of T cells in vivo, we also addressed the effect of 
a combined co-stimulation via ICOS and CD28. To this 
end, T cells were activated via CD3 as described above, 
co-stimulated by the simultaneous addition of mAb 9.3 
and F44, and the cytokine levels were determined by 
ELISA. As shown in Fig. 7C, ICOS clearly did not exert 
any dominant negative effects on CD28-induced IL-2 
secretion. For IL-10 secretion, ICOS co-stimulation only 
slightly increased the CD28-mediated signal (Fig. 7C) 
and similar minor effects could be observed with other 
cytokines (data not shown). 



2.9 ICOS co-stimulation inhibits activation- 
induced T cell apoptosis 

Another important function of co-stimulation is the inhi- 
bition of T cell apoptosis. It has been shown in different 
in vitro systems that suboptimal restimulation of pre- 
activated T cells results in apoptosis [17, 18]. Co- 
stimulation via CD28 can prevent this activation-induced 
cell death [19]. Therefore, we tested whether ICOS 
exhibits similar anti-apoptotic effects. T cells were acti- 
vated with PHAfor 6 days before restimulation. Restimu- 
lation with solid phase-bound mAb OKT3 alone resulted 
in massive T cell apoptosis, especially at suboptimal 
concentrations, whereas co-stimulation with anti-ICOS 
mAb significantly improved the survival rate of these T 
cells (Fig. 8). 

3 Discussion 

In the present study we have performed a detailed struc- 
tural analysis of hulCOS and determined the location of 
the hulCOS gene on chromosome 2q33-34. One focus 
of our experiments was the analysis of the induction and 
expression characteristics of hulCOS to obtain informa- 
tion shedding light on the function of this molecule in 
vivo. Another focus were experiments designed to eluci- 
date the relationship between the structurally and func- 
tionally similar CD28/B7 and ICOS/ICOS-L pathways. 

Potent induction of ICOS by PMA and ionomycin but 
only minimal induction by either agent alone defined 
hulCOS as one of the few "two-signal" molecules, 



Eur. J. Immunol. 2000. 30: 3707-371 7 



Induction, binding specificity and function of human ICOS 371 3 
B C 







■1 anti-C[33 ♦ antUCOS 
















§ 

l|U!/Sl 


























n 




1 50 


nl 


1 



^Lnlli 



3 30 1 mil nlil n l 



Snntim^rm ' at0ry ftf ?! '?£f 3,006 0r combination with CD28 ° n cvtokin * synthesis. (A) CD4* T cells were stimulated 
by opt.ma CD3-cross-l.nk.ng (1 :1 ,000 dilution of OKT3 ascites) in the presence of isotype control mAb MOPC-21 or mAb 2A1 1 
(grey bars), or ,n the presence of ICOS-specific mAb F44 (black bars) or CD28-specific mAb 9.3 (white bars). Cell culture super- 

oTT^Ts^TbXTt^T aftGr 24 48 " 72 " USin9 COmmerdal ELISA ^ Stems - 0ne representative experiment 
out of six s shown. (B) CD4+ T cells were stimulated as above (lane 1 : OKT3+2A1 1 , lane 2: OKT3+F44, lane 3: OKT3+9 3) After 
20 h of culture, RNA was isolated and.used for RNAse protection assays. (C) CD4* T cells were stimulated as above. In addition 

^Z^^Z ? H S H°H CD28 / IOne ' Ce " S ^ co - stimulated via both <*' -urface antigens using a combination of 
mAb F44 and mAb 9.3 (hatched bars). Cytok.nes present in the supernatants were assayed by ELISA at the indicated time points 



among them IL-2, PILOT/EGR-3 and CD40L [20], which 
seem to play critical roles in the immune response. The 
immunosuppressive agent CsA targets all of these mole- 
cules and also suppresses the expression of hulCOS 
(Fig. 3A). The fast and potent activation by PMA and 
ionomycin also revealed expression of ICOS on virtually 
all peripheral blood T cells (data not shown). This finding 
^suggests that the biological role of ICOS in the immune 
system is relatively broad. A number of observations sup- 
port this notion. First of all, substantial expression of 
ICOS in the medulla of the fetal and young human thymus 
suggests that ICOS is involved in the early T cell ontog- 
eny. The predominant expression of ICOS in the apical 
light zone of germinal centers in tonsillar and lymph node 
tissue ([3] and results not shown) indicates a significant 
role of ICOS in the T cell help for B cells. The data pre- 
sented in this report also demonstrate a less pronounced 



but significant expression of ICOS in the T cell zones of 
lymphoid tissues, which suggests an involvement of 
ICOS in the recognition of antigen presented by the DC at 
this site, and this assumption is supported by the obser- 
vation of ICOS-L expression on DC in vitro (own unpub- 
lished data). Finally, the induction of ICOS on virtually all 
CD8 + T cells, including the CD28" subset, suggests that 
ICOS also participates in the immune defense against 
intracellular bacteria and viruses. 

The analysis of the expression kinetics of ICOS on T, cells 
activated via CD3, in some experiments in direct com-, 
parison to the expression of CD69, CD40L or CD25 (data 
not shown), revealed that hulCOS is induced early (but 
later than CD69 and CD40L), and remains on the cell sur- 
face for extended periods of time. Combined with the 
strong positive correlation of ICOS with CD45RO + in vivo 
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Fig. 8. Co-stimulation via ICOS rescues activated T cells 
from apoptosis. T cells were stimulated for 6 days as 
described in Sect. 4.10, and re-stimulated with solid phase- 
bound mAb against CD3 (rnAb OKT3, 1 :500-1 :32,000 dilu- 
tion of ascites) in the presence of the isotype control mAb 
2A1 1 (grey bars), or in the presence of anti-ICOS mAb F44 
(black bars) for 24 h. The percentage of apoptotic cells was 
determined by flow cytometry after propidium iodide stain- 
ing of nuclear DNA. 



[3], these findings suggest that ICOS is. involved both in 
the early and the late phases of an immune reaction. 

The functional experiments performed earlier [3] and in 
this report demonstrate that CD28 and hulCOS resemble 
each other in many respects. Both molecules potently 
co-stimulate T cell proliferation, expression of activation 
antigens and the synthesis of a variety of cytokines, and 
are thus able to provide T cell help for B cells. Similar 
to CD28 [19], ICOS is able to prevent apoptosis of 
pre-activated T cells. Nevertheless, these experiments 
revealed several significant differences between CD28 
and hulCOS. First of all, co-stimulation via hulCOS does 
not lead to the production of significant amounts of IL-2, 
as is observed with CD28. Secondly, the relative effi- 
ciency in the co-stimulation of various cytokines some- 
what differs between the two molecules, with the most 
pronounced difference observed for IL-10 (see Fig. 7A), 
and this may have major implications for the biological 
roles of CD28 and ICOS in vivo. 
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CD40 pathway remained without effects. These experi- 
ments indicated that CD28 is critically involved in the 
induction of hulCOS following antigen in vivo. 

Using transfectants, we determined that soluble B7-1 
and B7-2 do not bind to hulCOS. .At the same time, we 
observed that soluble'lCOS-L does not show any signifi- 
cant reaction with CD28. These staining experiments 
indicate thus that there is no significant cross-interaction 
between the* CD28 and ICOS pathways on the cell sur- ' 
face. 

Taken together, our data suggest a hierarchy of T cell co- 
stimulation in vivo. Upon initial interaction of T cells with 
APC, CD28 interaction with the B7 molecules induces 
ICOS onto the T cell surface. Subsequently, CTLA-4 is 
up-regulated and terminates the interaction of CD28 with 
B7-1 and B7-2 [2]. In this second phase of cellular 
cross-talk, ICOS could continue to co-stimulate T cells, 
and by modifying the pattern of T cell cytokines 
secreted, initiate the next stage of the immune response. 
The observed overproduction of IL-10 following hulCOS 
signaling could have different sequelae, depending on 
the type and location of APC interacting with the T cells. 
In the T cell zone, the increased secretion of IL-10 could 
down-regulate the antigen-presenting ability of DC and 
promote their apoptosis [21]. In the germinal center, on 
the other hand, the IL-10 could lead to the terminal differ- 
entiation of B cells into plasma.cells in the apical part of 
the light zone [22-24], the major site of ICOS expression 
[3]. The latter hypothesis is supported by the observation 
of a massive expansion of plasma cells in mice trans- 
genic for the mulCOS-L [4]. In the hierarchy model out- 
lined here, the biological effects of CD28 and hulCOS 
would be mostly dissociated in time, thus giving a bio- 
logical meaning to the largely overlapping functional 
effects of CD28 and hulCOS. 



4 Materials and methods 



Given the overall structural and functional similarity of 
CD28 and hulCOS, we performed a series of experi- 
ments aimed to determine the inter-dependence of the 
CD28 and ICOS pathways. The induction of ICOS on 
CD8 + CD28~ human T cells following OKT3 stimulation 
(Fig. 3D) suggested that CD28 is not absolutely required 
for the expression of hulCOS and this interpretation is 
congruent with the finding that T cells from CD28 knock- 
out mice express ICOS upon activation [4]. However, in 
cell culture systems where T cell activation results from a 
complex interaction with APC, blockade of the CD28/B7 
pathway drastically reduced the induction of ICOS onto 
the T cell surface, whereas the blockade of the CD40L/ 



4.1 Mapping of the hulCOS gene 

A genomic clone for ICOS was isolated from a human pla- 
cental DNA library in lambda Fixll (Stratagene) using hulCOS 
cDNA as a probe. For FISH, metaphase lymphocyte spreads 
from a healthy individual were pretreated for 3 min with 
50 ng/ml RNAse and for 1 0 min with 0.05% pepsin. The 
genomic hulCOS DNA clone was biotinylated, hybridized 
overnight to the metaphase spreads and the signals gener- 
ated using FITC-avidin/anti-avidin [25]. For Southern blot 
analysis, genomic DNA from human placenta, chromosome 
2 (human/hamster hybrid cell line NA10826B) or chromo- 
some 1 7 (human/mouse hybrid cell line NA10498, both from 
Coriell Institute for Medical Research, Camden, NJ) was 
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digested with EcoRI or Xbal and analyzed by standard pro- 
cedures. 



4.2 Immunoprecipitation 

Nylon wool-purified human T cells (40x1 0 6 ) were activated 
for 22 h with 20 ng/ml PMA and 200 ng/ml ionomycin, sur- 
face iodinated with 0.3 mCi ,25 l using lODO-Beads (Pierce), 
lysed in a NP40 buffer and immunoprecipitated with mAb 
F44 coupled to protein G-Sepharose as described [3]. 
Immunoprecipitates were separated by reducing or non- 
reducing SDS-PAGE (12% gel). To determine the molecular 
mass of the polypeptide backbone of ICOS, immunoprecipi- 
tates were treated with 4 U N-glycosidase F (Roche Bio- 
chemicals) prior to separation. After electrophoresis, gels 
were dried and exposed to an X-ray film. 



4.3 Purification of cells 

Peripheral blood CD4* and CD8 + T cell's were negatively 
purified from buffy coats using nylon wool adherence and - 
magnetobead-coupled (Dynal) mAb against CD19, MHC-II, 
CD11b and CD8 (for CD4 + ) or mAb against CD19, MHC-II,' 
CD4 and CD16 (for CD8 + ). The purity achieved was' always 
greater than 96% (CD4 + ) or 92% (CD8*), respectively. 
CD8*CD28~ T cells were negatively purified from CD4" cells 
using anti-mouse Ig beads (MACS, Miltenyi, Bergisch- 
Gladbach) and mAb CD28.2 (a kind gift of D. Olive) and con- 
tained virtually no CD4*, CD28*, CD19 + , CDIIb*. CD16* or 
MHC-II + cells. Tonsillar lymphocytes were isolated from 
mechanically dispersed tonsils obtained from routine ton- 
sillectomies (from patients aged 3-18 years) using Ficoll- 
Hypaque gradient centrifugaiion. Tonsillar B cells were fur- 
ther purified by resetting the T cells with 2-aminoethyl 
isothiourea-treated SRBC and wore routinely 98% pure. 
mLC were isolated as described earlier [12]. 



4.4 Stimulation of cells 

T cells were stimulated with 1 .5 ng/ml PHA at 0.5x1 0 6 /ml, or 
with 33 ng/ml PMA or 200 ng/ml ionomycin at 2x10 s /ml. 
CsA (Novartis) was dissolved in 100% ethanol and used at a 
final concentration of 1 ng/ml. For all stimulations with mAb, 
T cells were cultured in 96-well round-bottom microtiter- 
MJates pre-coated with 10 ng/ml rabbit anti-mouse Ig 
(Sigma) followed by mAb against CD3 (OKT3, ATCC; 1 : ! ,000 ■ 
dilution of ascites, if not otherwise indicated), ICOS (mAb 
F44 [3]; 4 ng/ml), or CD28 (mAb 9.3 [26], kind gift of J. Led- 
better; 1 :3,000 dilution of ascites). mAb 2A1 1 (own riybrid- 
oma) or MOPC-21 (Sigma), both at 4 ng/ml, were used as 
isotype controls. Cytokines in the cell culture supernatants 
were determined using commercial ELISA (Biosource). For 
the MLR 25,000 CD4* T cells were co-cultured with 50,000 
allogeneic tonsillar B cells in round-bottom 96-well mic'roti- 
ter plates. CD4'CD45RA + T cells were co-cultured with mLC 
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at a ratio of 20:1 in flat-bottom microliter plates in the pres- 
ence of the superantigens SEA, SEB, and TSST added at 
optimal concentrations (determined by titration experi- 
ments) of 0.1 ng/ml each (-5 pM). Incubation of T cells with 
the mixture of superantigens alone did not induce expres- 
sion of T cell activation markers or proliferation. 



4.5 Flow cytometry 

Flow cytometry was performed on a FACSCalibur (Becton 
Dickinson), the mLC cultures were analyzed on a Coulter 
Profile II. The following mAb (coupled to FITC, PE, Cy- 
Chrome or Cy5) were used: HIT8a (anti-CD8), HIB19 (anti- 
CD19), CD28.2 (anti-CD28), L307.4 (anti-CD80), FN50 (anti- 
CD69), IT2.2 (anti-CD86, all Pharmingen), F44 (anti-ICOS, 
[3]), 2A3A1H (anti-CD25, ATCC). mAb 2A11 (lgG1, own 
hybridoma), coupled to the appropriate chromophore, was 
used as an isotype control in all experiments. In all analyses, 
even after purification, CD8 + T cells were electronically 
gated using mAb HIT8a-CyChr. B cells and DC were pre- 
incubated before staining with mAb with Endobulin (human 
IgG, Immuno, Heidelberg) to block FcR. The secondary 
reagent for ICOS-L-lg was PE-conjugated goat anti-rabbit- 
Ig (Southern Biotechnology), for B7.1-lg and B7.2-lg it was 
FITC-conjugated goat anti-human lgGF c (Jackson). 



4.6 Transfectants and cell lines 

cDNA for ICOS, CD28 and CD40L were cloned into the 
expression plasmid BCMGSneo [27] and stably transfected 
into mouse fibroblastic Ltk" cells (L-cells; kindly provided by 
J. Banchereau) by electroporation. 



4.7 Ig fusion proteins 

A BlastX search with sequence of the murine ICOS-L [1 5] 
revealed a human cDNA clone (accession no. AB014553) 
encoding a polypeptide with striking homology (46.6% 
amino acid, identity within the extracellular domain). Based 
on the nucleotide sequence of AB014553 the extracellular 
domain of the hulCOS-L was amplified by standard reverse 
transcription. (RT)-PCR using RNA obtained from PBMC 
and the oligonucleotide primers 5'TTAAGAATTC CAC- 
CATGCGGCTGGG 3' (forward, the underlined sequence 
corresponds to nucleotides 125-139 of AB014553) and 

' 5HTAAGGATCGCXCaCCGAT^CAIIT^TGIC 3' (re- 
verse, the underlined sequence corresponds to nucleotides 
842-821 of AB014553). The resulting PCR product was 
cloned into the Drosophila expression vector pRmHa-3 in 

■ frame to the Fc-region of rabbit IgG by standard cloning pro- 
cedures. Transfection of Schneider SL-3 cells with the 
recombinant plasmid as well as production and purification 
of the soluble fusion protein was performed as described 
earlier [5]. B7.1/B7.2-lg proteins (CD80/86-lg<xtp) have the 
tailpiece of human IgA at the end of the human IgG 
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sequence which leads to formation of a hexameric Ig fusion 
protein, and were a kind gift of R. Sweet (SmithKline Bee- 
cham Pharmaceuticals). 



4.8 Immunohistology 

The infant thymus was obtained from the Deutsches Herz- 
zentrum, Berlin, and fetal thymi (80-98 days) from Depart- 
ment of Pediatrics, University of Washington, Seattle. Cryo- 
stat sections were incubated with mAb F44 followed by bio- 
tinylated goat anti-mouse antibody. The color reaction was 
developed either by using streptavidin-horseradish peroxi- 
dase (HRP) and 3-amino-9-ethylcarbazole as substrate or 
with ABComplex/HRP (Dako) and 3,3-diaminobenzidine for 
the fetal thymus. Nuclei were counterstained with hematox- 
ylin. 



4.9 RNAse protection assay 

CD4 + T cells (0.5x1 07ml) were stimulated with mAb as 
described in Sect. 4.4 for 20 h and the RNA extracted with 
TRIZOL (Gibco). The RNAse protection assay of a template 
set of cytokines (Pharmingen) was performed according to 
the manufacturer's instructions. 



4.10 Apoptosis assay 

T cells (2x1 OVml) were stimulated with 1 pig/ml PHA for 20 h, 
washed, and cultured for additional 5 days in IL-2- 
containing medium (25 U/ml). Dead cells were then removed 
by Ficoll-Hypaque gradient centrifugation and restimulated 
with various dilutions of mAb OKT3 ascites for 24 h as 
described in Sect. 4.4. Thereafter, the cells were fixed in eth- 
anol for 18 h, treated with RNAse, stained with propidium 
iodide, and analyzed by flow cytometry for fragmented DNA 
[28]. 
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